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Everything is vague to a degree you do not realise till you have tried to make it precise 
Bertrand Russell (1872 – 1970) 
 
 
 
 
The past seizes upon us with its shadowy hand and holds us to listen to its tale 
Albert Seward (1863 – 1941) 
 
 
 
 
Toitū he kāinga, whatu ngarongaro he tangata 
The land still remains when the people have disappeared 
Māori proverb 
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Abstract 
 
 
Charwell Basin is a 6 km-wide structural depression situated at the boundary between the 
axial ranges and faulted and folded Marlborough Fault Zone of north-eastern South Island, 
New Zealand. The basin contains the piedmont reach of the Charwell River, and a series of 
late Quaternary loess-mantled alluvial terraces and terrace remnants that have been uplifted 
and translocated from their sediment source due to strike-slip motion along the Hope Fault 
which bounds the basin to its immediate north. The aim of this study was to provide an 
interdisciplinary, integrated and holistic analysis of late Quaternary landscape evolution 
and environmental change in Charwell Basin using terrain analysis, loess stratigraphy, soil 
chemistry and paleoecological data. The study contributes new understanding of New 
Zealand landscape and ecosystem responses to regional and global climatic change 
extending to Marine Isotope Stage (MIS) 6, and shows that climatically-forced shifts in 
biogeomorphic processes play a significant role in lowland landscape evolution. 
 
Morphometric analysis of alluvial terraces and terrace remnants of increasing age 
demonstrated geomorphic evolution through time, with a decrease in extent of original 
planar terrace tread morphology and an increase in frequency of steeper slopes and 
convexo-concave land elements. Paleotopographic analysis of a >150 ka terrace mantled 
by up to three loess sheets revealed multiple episodes of alluvial aggradation and 
degradation and, subsequent to river abandonment, gully incision prior to and coeval with 
loess accumulation. Spatial heterogeneity in loess sheet preservation showed a complex 
history of loess accumulation and erosion. A critical profile curvature range of -0.005       
to -0.014 (d2z/dx2, m-1) for loess erosion derived from a model parameterised in different 
ways successfully predicted loess occurrence on adjacent slope elements, but incorrectly 
predicted loess occurrence on an older terrace remnant from which all loess has been 
eroded. Future analyses incorporating planform curvature, regolith erosivity and other 
landform parameters may improve identification of thresholds controlling loess occurrence 
in Charwell Basin and in other South Island landscapes. 
 
A loess chronostratigraphic framework was developed for, and pedogenic phases identified 
in, the three loess sheets mantling the >150 ka terrace. Except for one age, infrared-
stimulated luminescence dates from both an upbuilding interfluve loess exposure and 
colluvial gully infill underestimated loess age with respect to the widespread 
Kawakawa/Oruanui Tephra (KOT; 27,097 ± 957 cal. yr BP), highlighting the need for 
improvements in the methodology. Onset of loess sheet 1 accumulation started at ca. 50 ka, 
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with a break at ca. 27 ka corresponding to the extended Last Glacial Maximum (eLGM) 
interstadial identified elsewhere in New Zealand. Loess accumulation through MIS 3 
indicates a regional loess flux, and that glaciation was not a necessary condition for loess 
generation in South Island. Loess accumulation and local alluvial aggradation are 
decoupled: the youngest aggradation event only covers ~12 kyr of the period of loess sheet 
1 accumulation. Older local aggradation episodes could not be the source because their 
associated terraces are mantled by loess sheet 1. In the absence of numerical ages, the 
timing of L2 and L3 accumulation is inferred on the basis of an offshore clastic sediment 
record. The upbuilding phase of loess sheet 2 occurred in late MIS 5a/MIS 4, and loess 
sheet 3 accumulated in two phases in MIS 5b and late MIS 6.  
 
Biogenic silica data were used to reconstruct broad shifts in vegetation and changes in 
gully soil saturation status. During interglacial/interstadial periods (MIS 1, early MIS 3, 
MIS 5) Nothofagus-dominated forest covered the area in association with Microlaena spp 
grasses. Lowering of treeline altitude during glacial/stadial periods (MIS 2, MIS 3, MIS 
5b, late MIS 6) led to reduction in forest cover and a mosaic of shrubs and Chionochloa 
spp, Festuca spp and Poa spp tussock grasses. Comparison of interfluve and gully records 
showed spatial heterogeneity in vegetation cover possibly related to environmental 
gradients of exposure or soil moisture. A post-KOT peak in gully tree phytoliths 
corresponds to the eLGM interstadial, and a shift to grass-dominated vegetation occurred 
during the LGM sensu stricto. Diatoms indicated the site became considerably wetter from 
ca. 36 ka, with peak wetness at ca. 30, 25 and 21 ka, possibly due to reduced 
evapotranspiration and/or increased precipitation from a combination of strengthened 
westerly winds and increased cloudiness, or strengthened southerly flow and increased 
precipitation. Human influence after ca. 750 yr BP led to re-establishment of grassland in 
the area, which deposited phytoliths mixed to 30 cm depth in the soil. 
 
A coupled gully colluvial infilling/vegetation record showed that sediment flux during the 
late Pleistocene was ~0.0019 m3 m-1 yr-1 under a shrubland/grassland mosaic, and 
Holocene sediment flux was ~0.0034 m3 m-1 yr-1 under forest. This increase of 60% 
through the last glacial-interglacial transition resulted from increased bioturbation and 
down-slope soil transport via root growth and treethrow, which formed a biomantle as 
evidenced by slope redistribution of the KOT. These results contrast with sediment 
transport rates and processes hypothesised to occur contemporaneously in adjacent 
mountain catchments. This suggests that intraregional biogeomorphic processes can differ 
significantly depending on topography and geological substrate, with different landscapes 
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responding in unique ways to the same climate shifts. Analysis of Quaternary terrestrial 
landscape evolution in non-glaciated mountainous and lowland areas must therefore 
consider spatial and temporal heterogeneity in sediment fluxes and underlying transport 
processes.  
 
Keywords: landscape evolution; Quaternary climate change; biogeomorphology; soil stratigraphy; 
loess; aggradation; degradation; fill terrace; fill-cut terrace; Kawakawa/Oruanui Tephra; 
luminescence dating; phytoliths; pedogenesis; soil phosphorus 
 iv 
Table of Contents 
 
Abstract  i 
Table of Contents  iv 
List of Abbreviations & Acronyms  vi 
List of Figures  vii 
List of Tables  xii 
 
Chapter 1 Introduction  1 
 1.1 General introduction  1 
 1.2 Theoretical context of the study 3 
  1.2.1 Biogeomorphology and landscape evolution 3 
  1.2.2 Global change – deep time and the Quaternary 9 
  1.2.3 Reconstructing South Island’s paleoecosystems 15 
  1.2.4 Loess landscapes 22 
 1.3 The study area – Charwell Basin, South Island, New Zealand 27 
  1.3.1 Tectonic, geologic and physiographic setting 27 
  1.3.2 Climate 32 
  1.3.3 Vegetation 33 
  1.3.4 Previous studies in the Charwell Area 33 
 1.4 Aim, objectives and thesis structure 36 
 1.5 References 39 
 
Chapter 2 Late Quaternary loess landscape evolution on an active tectonic 
margin, Charwell Basin, South Island, New Zealand 
48 
 2.1 Introduction  48 
 2.2 Methods  53 
  2.2.1 Quantitative characterisation of landform morphometry 53 
  2.2.2 Loess mantle investigation 54 
 2.3 Results  56 
  2.3.1 Morphological variation of the terrace remnants 56 
  2.3.2 Loess stratigraphy in Charwell Basin and paleotopography of 
the Dillondale terrace remnant 
64 
  2.3.3 Quail Downs soil and regolith 67 
 2.4 Discussion  69 
  2.4.1 Dillondale terrace paleotopography and loess mantle evolution 69 
  2.4.2 Coupled landform geomorphic and loess mantle evolution in 
Charwell Basin 
70 
  2.4.3 Extending quantitative loess landscape analysis to other South 
Island areas 
74 
 2.5 Conclusions  74 
 2.6 References  76 
 
Chapter 3 Reconstructing late Quaternary environmental change in 
Charwell Basin, South Island, New Zealand – Part 1: 
Loess stratigraphy, pedogenesis and chronology 
79 
 3.1 Introduction  79 
  3.1.1 General introduction 79 
  3.1.2 Tephrochronology 80 
  3.1.3 Luminescence dating 84 
  3.1.4 Loess stratigraphic studies in South Island 88 
  3.1.5 Phosphorus analysis for pedogenic interpretation 95 
  3.1.6 Aims and objectives 97 
 3.2 Methods  98 
 v 
  3.2.1 Loess description, sampling and preparation 98 
  3.2.2 Dating control 98 
   Cryptotephra analyses 98 
   Infrared Stimulated Luminescence 99 
   Constraining L1 onset using gully infilling rates 100 
  3.2.3 Loess Mass Accumulation Rate 100 
  3.2.4 Phosphorus analyses 101 
 3.3 Results  103 
  3.3.1 Stratigraphy 103 
  3.3.2 Dating control 106 
   Cryptotephra 106 
   Infrared Stimulated Luminescence 110 
   L1 onset using gully infilling rates 111 
  3.3.3 Loess Mass Accumulation Rate 111 
  3.3.4 Phosphorus 112 
 3.4 Discussion  114 
  3.4.1 Luminescence and tephra interpretations 114 
  3.4.2 Pedogenic interpretation of phosphorus data 118 
  3.4.3 Charwell Basin loess chronology 119 
 3.5 Conclusions  122 
 3.6 References  123 
 
Chapter 4 Reconstructing late Quaternary environmental change in 
Charwell Basin, South Island, New Zealand – Part 2: 
Interpretation of biogenic silica microfossils 
131 
 4.1 Introduction  131 
  4.1.1 General introduction 131 
  4.1.2 Biogenic silica 133 
  4.1.3 Aims and objectives 136 
 4.2 Methods  136 
  4.2.1 Sampling and preparation 136 
  4.2.2 Biogenic silica analyses 136 
  4.2.3 Dating control 137 
 4.3 Results  138 
  4.3.1 Phytoliths 138 
  4.3.2 Diatoms 145 
  4.3.3 Sponge Spicules 145 
 4.4 Discussion  145 
  4.4.1 Ecological and environmental implications of biogenic silica 
microfossils 
145 
  4.4.2 Late Quaternary paleovegetation phases in Charwell Basin 148 
  4.4.3 Charwell Basin eLGM and LGIT record in regional context 151 
 4.5 Conclusions  155 
 4.6 References  156 
 
Chapter 5 Increased soil transport via forest bioturbation through the last 
glacial-interglacial transition, Charwell Basin, South Island, 
New Zealand 
160 
 5.1 Introduction  160 
 5.2 Methods  161 
 5.3 Results  164 
 5.4 Discussion  165 
 5.5 Conclusions  168 
 5.6 References  168 
 vi 
Chapter 6 Synthesis and summary 171 
 References  176 
  
 
Appendix 1 Dillondale Terrace Loess Stratigraphic Descriptions 178 
Appendix 2 Infrared-Stimulated Luminescence Methodology 183 
Appendix 3a Interfluve Cryptotephra Data 185 
Appendix 3b Gully Cryptotephra Data 187 
Appendix 4 Interfluve Phosphorus Data 189 
Appendix 5a Interfluve Phytolith Data 190 
Appendix 5b Gully Phytolith Data 191 
 
Complete List of References 192 
 
 
Acknowledgements 210 
 
 
List of Abbreviations & Acronyms 
 
14C Radiocarbon 
cal. yr BP Calibrated 14C years before present 
DSDP Deep Sea Drilling Project 
eLGM Early Last Glacial Maximum 
EMA Electron Microprobe Analysis 
INTIMATE Integration of Ice Core, Marine & Terrestrial Records 
IPCC Intergovernmental Panel on Climate Change 
IRSL Infrared Stimulated Luminescence 
KOT Kawakawa/Oruanui Tephra 
LGIT Last Glacial-Interglacial Transition 
LGM Last Glacial Maximum 
MAR Mass Accumulation Rate 
MIS Marine (Oxygen) Isotope Stage 
OSL Optically Stimulated Luminescence 
P Phosphorus 
PCa Primary mineral apatite phosphorus 
PFe/Al Iron- and aluminium-bound phosphorus 
POcc Occluded phosphorus 
POrg Organic phosphorus 
PT Total phosphorus 
PDI Profile Development Index 
SOM Soil Organic Matter 
SST Sea Surface Temperature 
TL Thermoluminescence 
 vii 
List of Figures 
 
Figure  Page 
 
1.1 Examples of soil faunalturbation (a) and floralturbation (b and c). (a) Burial by 
worm bioturbation of (i) human-placed objects (burnt marl and cinders on the soil 
surface) and (ii) structures (Roman wall). After Darwin (1881). b) Creation of a 
floralmantle with a subsurface stoneline via tree uprooting. (i) Treethrow 
produces a pit, with the removed soil and stones bound to the root plate. (ii) 
Rootplate soil refills pit and falls to soil surface. (iii) With the removal of the 
fallen tree by rotting or fire, rootplate-bound stones fall to pit and soil surface. 
(iv) Remaining rootplate soil erodes and fills pit, burying some rootplate stones. 
Production of pit-and-mound microtopography. After Johnson (1990). (c) Soil 
redistribution and profile inversion via treethrow on slopes. (i) Treethrow 
produces pit and rootplate-bound soil. (ii) Tree and rootplate-bound soil collapse 
to ground surface. (iii) Pit begins to infill do to wall collapse. With the removal of 
the fallen tree by rotting or fire, rootplate shrinks in size and loses soil. (iv) With 
the final removal of rootplate, remaining soil collapses to surface, resulting in net 
movement of soil downslope and profile inversion. Production of pit-and-mound 
microtopography. After Schaetzl (1986) and Johnson (1990). 
6 
1.2 Model of floralturbation via forest disturbance in Charwell Basin, based on the 
work of Tonkin and Almond (1998) and Roering et al. (2002; 2004). Tephra was 
used as a geomorphic tracer of soil transport. (a) Modern grassland on a loess 
landscape mantling dissected late Quaternary alluvial gravels. Within upper slope 
loess is a primary tephra deposition layer. Further downslope the tephra peak 
disappears and is replaced by diffuse tephra mixed to a specific depth. (b) Tephra 
distribution explained by gradual exhumation and mixing of tephra by forest tree 
species via storm- and earthquake-induced treethrow, resulting in downslope soil 
transport. Primary deposition layer is too deep to be affected by these processes. 
8 
1.3 Reconstructed Phanerozoic atmospheric oxygen (O2) and carbon dioxide levels 
(CO2) from the analyses of Berner (2001, 2006) and Berner and Kothavala 
(2001). RCO2 is the ratio of the mass of past CO2 to that of the pre-industrial 
present. Inferred climates through Phanerozoic periods, mass extinction events 
and modern atmospheric O2 level (21%) are indicated. Figure adapted from Ward 
(2006). Atmospheric O2 and CO2 levels have fluctuated significantly through the 
Phanerozoic, and are strongly correlated with prevailing planetary climatic 
conditions and both mass extinction and speciation events. 
10 
1.4 (a) Histogram of terrigenous sediment deposited in the world’s oceans over the 
last 85 Ma. Note increase in sediment mass after ~5 Ma. (b) Plot of δ18O from 
benthic foraminifers since 25 Ma, showing increases in mean values and in 
variability since ~5 Ma. The former increases imply cooling, and the latter 
increases imply increasingly variable climate. Adapted from Zhang et al. (2001) 
who used data from Bickert et al. (1997), Billups et al. (1997), Hay et al. (1988), 
Shackleton and Hall (1997), Tiedemann and Franz (1997) and Zachos et al. 
(1997).  
12 
1.5 Selected late Quaternary Antarctic and Greenland ice core records, with marine 
isotope stages indicated. Deuterium (a) and reconstructed temperature (b) data are 
from the Antarctic Vostok record (Petit et al., 1999, 2001). (c) Atmospheric CO2 
data from the Antarctic Vostok record (Barnola et al., 1987). (d) North Greenland 
Ice Core Project 18O data (NGRIP Members, 2004a, 2004b). 
14 
1.6 Locations of key South Island late Quaternary paleofloral/faunal study sites. See 
Figure 1.7 for paleorecord time spans and other details. 
18 
1.7 Time spans (right) of key South Island late Quaternary paleofloral/faunal studies. 
Study site locations are shown in Figure 1.6. Region: C=Canterbury; 
M=Marlborough; O=Otago; S=Southland; W=Westland. Paleoflora/fauna: 
di=diatoms; fb=fossil beetles; fc=fossil chironomids; ph=phytoliths; pma=plant 
macrofossils; pmi-plant microfossils; po=pollen. Dating technique: 
14C=radiocarbon; TL=thermoluminescence; IRSL=infrared stimulated 
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luminescence; TSt=tephrostratigraphy. 
1.8 Summary of South Island paleovegetation records. (a) Arboreal pollen diagram 
from DSDP 594, from Barrows et al. (2007). Also shown are summaries of 
Westland records from North Westland and Westport (b and c; Moar and 
Suggate, 1996) and Okarito in South Westland (d; Vandergoes et al., 2005 and 
Newnham et al., 2007b). 
20 
1.9 Reconstructed New Zealand ice and vegetation distributions at c. 22,000 cal yrs 
BP during the LGM (left), and late Holocene at c. 1250 AD just prior to human 
arrival (right). Modified from Alloway et al. (2007). 
21 
1.10 (a) Antarctic Vostok ice core deuterium data from Barnola et al. (1987), (b) 
Antarctic Vostok ice core CO2 from Barnola et al. (1987) and IPCC (2007a). (c) 
Draft New Zealand-Australasia (NZA) climate event stratigraphy, after 
Newnham and Alloway, (2007; w=warm, c=cold, t=transitional). (d) Provisional 
New Zealand climate phases, after Alloway et al. (2007). The Anthropocene 
(after Crutzen and Stoermer, 2000) epoch is also indicated. 
22 
1.11 Antarctic ice core dust flux (a) and dust concentration (b) data for the last 30 kyr. 
Vostok flux data from Delmonte (2004) and Petit et al. (1990). Dome C 
concentration data from EPICA Community Members (2004a). 
23 
1.12 (a) Loess landscape evolution on the Chinese Loess Plateau, after Zhang et al., 
1991). Note increase in landscape relief with continued accumulation on ridges 
and interfluves and valley incision from time (i) to (iii). (b) Schematic 
representation of removal of loess mantles. (i) Relief in loess mantle, displaying 
multiple episodes of loess sheet accumulation and erosion. With decrease in loess 
deposition and/or increase in erosive processes, loess mantle is reduced and 
dissected (ii) and eventually stripped (iii). 
24 
1.13 (a) South Island loess landscapes, indicating areas with similar geomorphic 
history. Derived by expert classification of soil map data. (b) South Island loess 
cover groups, indicating general magnitude of loess occurrence. (c) South Island 
loess pattern groups indicating internal spatial variability within lands sytems. 
From Schmidt et al. (2005). 
27 
1.14 Plate tectonic setting of New Zealand, with tectonic geomorphology regions 
(after Williams, 1991) shown. Study area location is indicated. 
28 
1.15 Lithology and faults of the Charwell area, adapted from Rattenbury et al. (2006; 
originally mapped at 1:250,000 scale). Charwell River and catchment also shown. 
29 
1.16 (a) Charwell Basin late Quaternary terrace surfaces. Nomenclature after Bull 
(1991). Location of Dillondale loess exposure (Figure 1.18 and Table 1.1) 
indicated. (b) Location of interfluve and gully sampling sites on the Dillondale 
terrace used for the analyses presented in Chapters 3, 4 and 5. (c) Schematic cross 
section of sampling area on the Dillondale terrace, with loess sheets and 
colluvium indicated. Adapted from Roering et al. (2004). 
31 
1.17 Generalised model of Charwell Basin terrace development, with duration of 
glacial aggradation events. Age data from Bull (1991). Adapted from Tonkin and 
Almond (1998). 
32 
1.18 Soil stratigraphy and loess sheets on the Dillondale alluvial terrace. See Table 1.1 
for detailed soil stratigraphic description. Site is erosion scarp exposing terrace 
interfluve stratigraphy. New Zealand Map Grid (NZMG) reference N5861852, 
E2539084, elevation 409 m above sea level (asl). Also see Figure 1.16 for 
location. 
34 
1.19 Thesis structure. Background theory for the study was presented in this 
Introduction, and specific questions and hypotheses to be addressed are presented 
in each of the introductions to the research chapters. A critique of key methods 
used is included in Chapters 3 and 4. Major conclusions and hypotheses 
generated from the research are presented in Chapter 6, and a comparison of 
methodologies for cryptotephra analysis is presented in the Appendix. 
38 
2.1 Locations of South Island loess landscapes described morphometrically in Figure 
2.2. 
50 
2.2 Morphometric comparison of four South Island landscapes exhibiting different 
loess mantles. Locations shown in Figure 2.1. 
51 
2.3 Locations of Dillondale terrace auger site locations and gully transects (GT), 55 
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Quail Downs terrace remnant soil pits (S), and RTK GPS/25 m DEM slope 
transects (ST). 
2.4 Aerial views of Charwell Basin. (a) View N into the mountainous catchment of 
Charwell River in the Seaward Kaikoura Range. (b) View N towrds the Seaward 
Kaikoura Range, showing the Charwell River, Stone Jug (SJ) and post Stone Jug 
(pSJ) alluvial terraces. (c)  Incipient gullying on the Stone Jug terrace. (d) View 
N towrds showing the Dillondale (DD), late Flax Hills (lFH), Stone Jug (SJ) and 
post Stone Jug terraces. (e) View NE across Quail Downs, Dillondale and Stone 
Jug surfaces. (f) Dillondale surface. (g) No loess and loess transects on 
Dillondale surface (see Figure 2.8a).  (h) Quail Downs surface. (i) Quail Downs 
slopes and gullies, with location of soil pit Sb indicated (see Table 2.3 and Figure 
2.13). 
58 
2.5 (a) Late Quaternary surfaces in Charwell Basin, underlain by a shaded relief 
model of the area. Location of near-river transect (T) also shown (see Figure 2.6). 
Fault data from Rattenbury et al. (2006). (b)  Mean (± 1 SD)  slope and curvature 
values for Charwell Basin late Quaternary surfaces, derived from a 25 m DEM. 
59 
2.6 Slope and curvature frequency distributions for the post Stone Jug (a, b), Stone 
Jug (c, d), late flax hills (e, f), early Flax Hills (g, h), Dillondale (i, j) and Quail 
Downs (k, l) terrace remnant landforms in Charwell Basin. All values derived 
from a 25 m DEM. 
60 
2.7 Slope profile and curvature for terraces adjacent to the Charwell River. See 
Figure 2.4 for transect location. 
61 
2.8 Slope transects for (a) Dillondale and (b) Quail Downs landforms. For each 
transect, except 2.7a (i, ii), RTK GPS and 25 m DEM slope profiles and 
curvatures are presented. Critical curvatures also shown (see Section 2.4.2). 
62 
2.9 Spatial distribution of interfluves and drainage for the Dillondale and Quail 
Downs altered terraces. 
63 
2.10 Loess mantle thicknesses and elevation above sea level (ASL) of underlying 
gravel surface for select areas on the Dillondale terrace remnant. Observations 
presented trending north-south, and exact spatial locations presented in Figure 2.3 
and 2.10. 
65 
2.11 Loess thickness isopachs (b)  and alluvium surface elevation (c) on the Dillondale 
terrace remnant. 
66 
2.12 Loess stratigraphy and underlying gravel surface in three selected transects on the 
Dillondale terrace remnant, illustrating the nature of the loess-mantled landscape. 
CF = colluvial fill. Transect locations shown in Figure 2.3. 
67 
2.13 Slope profile and curvature for a Quail Downs gully, with location of soil pit Sb 
(Table 2.3) indicated. Critical curvatures also shown (see Section 2.4.2). See 
Figure 2.3 for location of pit Sb. 
69 
2.14 Planform curvature of Quail Downs and Dillondale landforms, derived from a 25 
m DEM of the area. 
73 
3.1 Distribution of the Kawakawa/Oruanui tephra in the New Zealand region, erupted 
from the Taupo Volcanic Zone (TVZ). Isopachs in millimetres. Adapted from 
Lowe et al. (in press), who used data from Wilson (2001), Kohn (1979), 
Campbell (1986), Eden et al. (1992), Newnham et al. (2004) and Newnham et al. 
(2006). 
84 
3.2 Schematic summary of dating methods based on environmental radiation, 
emphasising luminescence-based techniques (grey box). Optically stimulated 
luminescence (OSL) is the environmental radiation dating technique used in this 
study. Adapted from Stokes (1999). 
85 
3.3 Locations of loess stratigraphic columns shown in Figure 3.4. Other South Island 
loess-stratigraphic and loess-landscape studies are listed. 
89 
3.4 Selected South Island loess-stratigraphic columns. Locations shown in Figure 
3.3. See text for discussion 
90 
3.5 Combined age models for marine core MD97-2121 in the last 30 kyr, based on 
named, and independently dated, tephras and 18 AMS 14C dates (L. Carter and B. 
Manighetti, unpublished data). From Alloway et al. (2007). Note position and age 
of Kawakawa (KOT). 
94 
3.6 (a) Changes in forms and amounts of soil phosphorus with time. Adapted from 97 
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Walker and Syers (1976). For explanation of P forms see text. (b) Depth changes 
in PT and PCa from a stacked loess sheet column near Timaru (see Figure 3.3 for 
location). Adapted from Runge et al. (1974). 
3.7 Soil stratigraphy and loess sheets on the Dillondale terrace. See Chapter 1, 
Section 1.3.4, Table 1.1 for detailed soil stratigraphic description. Site is erosion 
scarp exposing terrace interfluve stratigraphy. See Chapter 1, Section 1.3.1, 
Figure 1.16 for location. 
104 
3.8 Interfluve and gully soil and loess stratigraphy, with bulk density and porosity 
data. Stratigraphic positions of Kawakawa Tephra and IRSL dates are indicated. 
105 
3.9 Volcanic glass shard concentrations from the interfluve and gully. Arrows 
indicate sample locations for electron microprobe analyses. 
107 
3.10 Plot of CaO vs. FeO contents of glass shards from the interfluve and gully loess 
deposits (open circles) and CaO vs. FeO contents of known North Island late 
Quaternary rhyolitic tephras (data from P. Shane). Most unknown samples plot 
close to KOT values (solid ellipse), while some outliers plot closer to Upper 
Griffin Road (dashed ellipse 1), Rotoehu (dashed elipse 2) and Mt Curl + 
Rangitawa and Fordell (dashed elipse 3) tephras. 
108 
3.11 Plot of CaO vs. FeO contents of glass shards extracted from specific depth 
increments in the interfluve loess deposit, and CaO vs. FeO contents of known 
KOT glass shards (data from P. Shane). Depths are: (a) 0.6 m; (b) 0.9 m; (c) 1.3 
m; (d) 1.7 m; (e) 2.1 m; (f) 2.5 m; (g) 2.9 m; (h) 3.3 m; (i) 3.7 m; (j) 4.1 m; (k) 
4.5 m. 
109 
3.12 Plot of CaO vs. FeO contents of glass shards extracted from specific depth 
increments in the gully colluvial loess deposit, and CaO vs. FeO contents of 
known KOT glass shards (data from P. Shane). Depths are: (a) 1.0 m; (b) 2.6 m; 
(c) 6.7 m. 
110 
3.13 Interfluve phosphorus fraction data presented as absolute values (centre) and 
percentages of total values (right). Soil stratigraphy and loess sheet delineations 
are presented on the left. PT = total P, PCa = apatite P, PFe/Al = Fe- and Al-bound P, 
POcc = occluded P, POrg = occluded P. Also shown is the value (PT) of river silt 
parent material, and the stratigraphic location of the KOT peak (solid line). 
113 
3.14 Tephra shards (T) from the interfluve at 4.6 m depth, illustrating variation in size 
and shape. 
115 
3.15 Chronostratigraphic correlation between interfluve and gully loess deposits in 
Charwell Basin and selected South Island sites using the KOT. Except for the 
Darling, Awatere Valley and Muritai sites, loess chronology is supplemented by 
TL and IRSL data. The Ahuriri Quarry site also has calibrated 14C data from 
pedogenic carbonate, which post-dates loess deposition. Stewart’s Claim and 
Kingston Crossing sites also have Upper and Lower Griffin Road Tephras and 
Rangitawa Tephra present according to Eden et al. (1992), but these correlations 
must be treated with caution. Loess stratigraphic and dating data after Bruce 
(1973a), Runge et al. (1974), Goh et al. (1978), Berger et al. (2001a; 2001b; 
2002) and Almond et al. (2007). 
117 
3.16 Locations of New Zealand regions and sites mentioned in the text. 119 
3.17 Stratigraphic relationships between Charwell Basin loess deposits and regional 
records. (a) Antarctic Vostok δD record (Petit et al., 1999, 2001). (b) DSDP site 
594 faunal-based SST record (from Barrows et al., 2007). (c) DSDP site 594 
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Chapter 1 
 
Introduction 
 
 
1.1. General introduction 
 
It is now accepted that since its origins, life has played a key role in the Earth’s evolution. 
Since the pioneering syntheses and hypotheses of Lovelock (1987, 1995), a growing body 
of research has revealed the intimate coevolution of Earth’s atmosphere, crust and biota 
(McMenamin and McMenamin, 1996; Margulis, 1998; Margulis and Olendzenski, 1992; 
Knoll, 2003b). The great drama of life’s evolution, with its adaptive radiations and 
extinctions, its genotypic conservatism and phenotypic novelty, was not played out on an 
inert planetary stage but instead unfolded in intimate association with oceans, lakes and 
their sediments, the rocks and soils of islands and continents, and the incessant dynamism 
of the geosphere, hydrosphere and atmosphere. Life is a fundamental conduit for the flows 
of energy and matter in most of Earth’s geochemical cycling and has exerted considerable 
influence on atmospheric chemistry, weathering of continental surfaces and possibly 
formation of continental crust itself (Knoll, 2003a; Rosing et al., 2006). The recognition of 
this fundamental link between life and Earth processes has led to an appreciation of life as 
a significant geomorphic agent, as well as the proposal that life may produce distinct 
topographic signatures on planetary surfaces (Dietrich and Perron, 2006). It is clear that 
life, while shaped in the course of its evolution by prevailing planetary conditions, is itself 
a force of nature that has strongly influenced Earth’s atmospheric composition and surface 
characteristics. 
 
Humanity’s growing awareness of global environmental change and climatic variability, 
and its own role in it, has led to anthropogenic ecosystem degradation and global warming 
being the defining issues of our time. According to the Millennium Ecosystem Assessment 
(2005) the structure and functioning of the Earth’s ecosystems changed more rapidly in the 
second half of the twentieth century than at any time in human history, with significant 
impacts on biogeochemical cycles and biodiversity that may prove extremely problematic 
for agriculture, access to fresh water and the general well being and security of much of the 
world’s population. The most recent series of Intergovernmental Panel on Climate Change 
(IPCC) assessments concluded that our species is responsible for discernable influences on 
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physical and biological systems due to anthropogenic warming (IPCC, 2007a, b). While it 
may be the case that humans have been influencing atmospheric chemistry for millennia 
(Ruddiman, 2003, 2005), only in the last three centuries have population growth and the 
spread of agriculture and industrialisation combined to pose real threats to, at best, our 
quality of life and, at worst, civilisation as we know it and even our own survival 
(Lovelock, 2006; Pearce, 2006; Liotta and Shearer, 2007; IPCC, 2007c; Lynas, 2007). 
Indeed, the period since the onset of the industrial revolution has been dubbed the 
Anthropocene by Crutzen and Stoermer (2000), reflecting the fact that humanity has now 
indelibly left its mark in ice cores and sediments around the globe. The latest IPCC 
Climate Change report focussing on the physical basis of anthropogenic global warming 
(IPCC, 2007a) for the first time presents several specific scenarios for global change in the 
next century, based upon various emissions and mitigation projections. We live in 
interesting times, as we will see some of the most important scientific predictions ever 
made being tested against globally gathered datasets over the next few generations. 
 
Against this background, the importance of understanding modern and past earth surface 
processes stands out in clear relief. The Quaternary Period, the approximately last 2.6 
million years of Earth history in which multiple glaciations and the evolution of our genus 
have occurred, has much to teach us on the nature of non-anthropogenic global change and 
its effects on ecosystems. While Quaternary science has produced a voluminous technical 
literature over the last few decades, only recently has past climate change entered the 
public consciousness as essential context for understanding modern global processes and 
climatic variability (see MacDougal (2004) and Burroughs (2005) for two recent examples 
of popular treatments of Quaternary glacial-interglacial climate change). This study adds 
another small piece to the wider puzzle of late Quaternary environmental change and 
associated landscape evolution, using Charwell Basin in South Island, New Zealand as a 
natural laboratory in which to explore interactions between tectonics, non-anthropogenic 
climate change, ecosystem shifts and associated landscape changes, and places these 
changes in a regional and global context. 
 
In Section 1.2 of this Introduction the general background theory underpinning the 
following research chapters is presented. Below is a review of biogeomorphology as it 
applies to evolution of terrestrial ecosystems (Section 1.2.1). This is followed by a brief 
review of global change over geological time which places late Quaternary and modern 
environmental variability in the wider context of Earth history (Section 1.2.2). There is 
then a discussion of late Quaternary environmental change as evidenced by paleofloral and 
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paleofaunal data in South Island, New Zealand (Section 1.2.3). There is then a discussion 
of the significance of Quaternary loess landscapes upon which climatically-forced shifts in 
ecosystems and biogeomorphic processes are imprinted (Section 1.2.4). In Section 1.3 the 
study area is described, and in Section 1.4 the aim, objectives and structure of this thesis 
are stated. 
 
 
1.2. Theoretical context of the study 
 
1.2.1. Biogeomorphology and landscape evolution 
Biogeomorphology is a loosely defined termed, so that any study that examines the 
interplay between ecology and geomorphology constitutes biogeomorphic research 
(Naylor, 2005). As a field, biogeomorphology is considered to have recently emerged as a 
subdiscipline within geomorphology (for reviews and examples see Phillips, 1995; Naylor 
et al., 2002; Naylor, 2005; Stallins 2006), but in the context of the present work 
pedological science is also considered to have played a role in the development of 
biogeomorphic science, especially when considering soil transport via bioturbation 
processes, and as such biogeomorphology has a much longer and distinguished history 
than inferred from the geomorphic literature alone. From the initial documentation of 
interactions between organisms and earth materials, biogeomorphic studies have evolved 
into quantitative treatments of landscape evolution, and recently biogeomorphic concepts 
have been applied to comparisons of planetary surfaces (Dietrich and Perron, 2006). 
 
While Charles Darwin’s On the Origin of Species (1859) completely revolutionised 
biology and science in general, his lesser-known monograph The formation of vegetable 
mould through the action of worms with observations on their habits (Darwin, 1881) was 
also a seminal contribution to earth science by articulating for the first time the profound 
biomechanical impacts on landscapes by living organisms, in this case the humble 
earthworm. Through the careful observation of worm behaviour and quantification of the 
amount of castings they bring to the soil surface and associated landscape denudation, and 
using numerous examples of buried objects and artefacts (including von Haast’s (1879) 
observations of buried Maori stone implements in Otago loess), Darwin (1881) 
conclusively demonstrated that landscapes are being massively and continuously churned 
by these industrious creatures (Figure 1ai). In recent years Darwin’s contribution (1881) 
has been hailed for its influence on the investigation of animal behaviour, soil biology, 
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agronomy, biogeochemical cycling and landscape evolution (Johnson, 2002; Brown et al., 
2003; Feller et al., 2003). 
 
An early review of the effects of animals on soil was presented by Hole (1981), and 
addressed twelve activities which influenced pedogenesis: mounding, mixing, forming 
voids, back-filling voids, forming and destroying soil structural units, regulating soil 
erosion, regulating movement of water and air in soil, regulating plant litter, regulating 
nutrient cycling, regulating other biota, and producing special soil constituents. Johnson et 
al. (1987), extending the work of Hole (1961), provided a generalised framework for 
understanding the processes of pedoturbation – the term applied to soil mixing in general, 
and articulated the contribution of pedoturbation to progressive and regressive pathways in 
pedogenesis. Johnson et al. (1987) and Robertson and Johnson (2004) provided examples 
of how geologically deposited surficial materials such as poorly sorted alluvium are 
biopedologically reorganised by invertebrates and small fossorial vertebrates to produce 
distinct subsurface stone lines, and Johnson (1990) demonstrated the same processes under 
forest (Figure 1aii). Johnson (1990) extended the definition of biomantle – one or more soil 
layers produced by bioturbation – to include those biomantles largely produced by animals 
(faunalmantles) and those produced by plants (floralmantles). With the analyses of Johnson 
et al. (1990; 2005), a quantitative framework was established for modelling pedoturbation 
in pedogenesis. 
 
Paton et al. (1995), in their re-appraisal of soil formation around the globe, elevated 
bioturbation processes to a primary role in pedogenesis across most ecosystems and 
biomes. After a comprehensive review of bioturbation studies, Paton et al. (1995) 
concluded that most bioturbation is the result of animal activity, and that plants play a 
more protective role towards the lithosphere, rather than aiding its breakdown. It is clear 
that animal activity is the dominant bioturbative process in many environments, and that 
vertebrate animal activity in particular can play a key role in sediment transport and soil 
thickness (e.g. Yoo et al., 2005). However, it will be argued in this study that 
floralturbation under forest ecosystems, with one significant caveat (see below), has most 
likely played a significant role in late Quaternary landscape evolution in New Zealand. 
 
Various studies have shown that that floralturbation can influence soil production 
(Heimsath et al., 2001; Gabet et al., 2003) and is a major factor controlling soil profile 
form and sediment transport in forested landscapes (Lutz, 1960; Lutz and Griswold, 1939; 
Schaetzl, 1986; Schaetzl et al., 1990; Small et al., 1990). On forested slopes, tree throw can 
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lead to soil profile inversion and downslope soil transport (Figure 1.1; Schaetzl, 1986, 
1990; Johnson, 1990). According to Norton (1989) tree turnover rates are frequent enough 
that the length of time during which 50% of the soils in a forest are turned over is on the 
order of hundreds to thousands of years, depending on forest density, tree longevity, and 
disturbance mechanisms. As reviewed by Gabet et al. (2003), root plate volumes estimated 
from pit volumes range from 0.2-5 m3 (Norman et al., 1995), 0.3-10 m3, and average of 1.8 
m3 (Mills, 1984), 4.8 m3 (Denny and Goodlet, 1956) and 4.0 m3 (ranging 1-15 m3; Reid, 
1981). In a forest in Pennsylvania, U.S.A., Denny and Goodlett (1956) estimated that up to 
112 m3 of material was detached over an area of 270 m2 during a forest regeneration cycle 
of 200 years. This material was moved 1 m, and possibly up to 4 m, down slope (Schaetzl 
and Follmer, 1990) as a result of the initial disturbance. In New Zealand, Burns and Tonkin 
(1987) showed that in subalpine Nothofagus forest pit and mound microtopography 
covered 15-18% of the area, and the displaced soil was moved up to 1.8 m down slope. 
Since a significant proportion of the soil disturbed by treethrow events erodes back into the 
exposed pit or is retained by the root mat, Paton et al. (1995) argued that lateral downslope 
soil movement due to floralturbation is not as efficient as faunalturbation processes. 
However, soil redistribution is dependent on slope angle and uprooting rate, and 
floralturbation soil flux will be greater where these are higher (Gabet et al., 2003). In 
addition, there is a paucity of studies addressing the long-term (millennial) impacts of 
floralturbation on sediment transport and landscape evolution, and in particular how fluxes 
in bioturbated sediment may change with alternating climates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. See relevant citations for images. 
Examples of soil faunalturbation (a) and floralturbation (b and c).  
(a) Burial by worm bioturbation of  (i) human-placed objects (burnt marl and cinders on the 
soil surface) and  (ii) structures (Roman wall). After Darwin (1881).  
b) Creation of a floralmantle with a subsurface stoneline via tree uprooting. (i) Treethrow 
produces a pit, with the removed soil and stones bound to the root plate. (ii) Rootplate soil 
refills pit and falls to soil surface. (iii) With the removal of the fallen tree by rotting or fire, 
rootplate-bound stones fall to pit and soil surface. (iv) Remaining rootplate soil erodes and 
fills pit, burying some rootplate stones. Production of pit-and-mound microtopography. After 
Johnson (1990). 
(c) Soil redistribution and profile inversion via treethrow on slopes. (i) Treethrow produces 
pit and rootplate-bound soil. (ii) Tree and rootplate-bound soil collapse to ground surface. 
(iii) Pit begins to infill due to wall collapse. With the removal of the fallen tree by rotting or 
fire, rootplate shrinks in size and loses soil. (iv) With the final removal of rootplate, 
remaining soil collapses to surface, resulting in net movement of soil downslope and profile 
inversion. Production of pit-and-mound microtopography. After Schaetzl (1986) and Johnson 
(1990). 
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Several studies have proposed quantitative modelling schemes to simulate linkages 
between vegetation and landscape evolution (e.g. Kirkby, 1995; Collins et al., 2004; 
Istanbulluoglu and Bras, 2005), but these models tended to treat vegetation as a cohesive 
force in landscape evolution at the wider scale, particularly through binding of soil 
particles by roots, and none refer to potential bioturbation effects of either plants or 
animals. Awareness of bioturbation as a significant Earth surface process is growing, but it 
is still in its infancy with respect to its incorporation into quantitative modelling of 
landscape evolution. Gabet et al. (2003) provided a comprehensive review of the 
quantitative treatment of both faunal- and floralturbation effects, and Roering et al. (2002, 
2004) in particular considered floralturbation mechanisms in modelling sediment transport. 
Dietrich and Perron (2006) reviewed mechanistic approaches to understanding landscape 
evolution in the context of life inscribing distinct topographic signatures on planetary 
surfaces. Yoo et al. (2005) recently presented a detailed quantitative treatment of 
faunalturbation in California, U.S.A., and found that feedbacks between burrowing animals 
(pocket gophers; Thomomys bottae) and hillslope soils have a measurable impact on soil 
thickness distribution and the shape of the landscape. Interestingly, and of direct relevance 
to this study, Yoo et al. (2005) investigated whether climatically-forced changes in 
burrowing density of T. bottae affected soil thickness via sediment transport. A modelled 
increase in T. bottae density, reflecting the expansion of grasslands favourable to 
burrowing animals known to have occurred during the Holocene in California, resulted in 
decreased soil thickness. While Yoo et al.’s (2005) simulations suggested that ecosystem 
shifts may influence sediment transport and landscape evolution, coupled records of late 
Quaternary ecosystem changes and sediment transport are required to test the validity of 
such scenarios. 
 
An important component of this study is to test the hypothesis that climatically-forced 
ecosystem changes significantly influenced sediment transport and landscape evolution in 
Charwell Basin, South Island, New Zealand. Extending soil catenary investigations 
conducted on a loess-mantled slope in Charwell Basin, Roering et al. (2002, 2004) utilised 
the presence of microscopic volcanic tephra to investigate soil transport rates and processes 
since ca. 10 ka (Roering et al., 2002) and slope evolution through the Last Glacial-
Interglacial Transition (LGIT; Roering et al., 2004). Roering et al. (2002) demonstrated 
that the primary tephra layer was exhumed and mixed through the upper soil horizons 
down slope, and noted that the depth of mixing is coincident with the mean rooting depth 
of Nothofagus forest. They proposed that with surface lowering on the erosional portions 
of the slope, floralturbation under forest gradually reached the primary tephra layer and 
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mixed it through the upper soil horizons. Roering et al. (2004) went further and modelled 
the distribution of mixed tephra along with slope evolution using a range of soil flux rates. 
The simulations that best replicated tephra distribution and transition from late Pleistocene 
rectilinear terrace surfaces as evidenced by loess stratigraphy to modern curvilinear slopes 
invoked a doubling of soil flux through the LGIT. In combination these two studies 
proposed that with afforestation due to the Holocene climatic amelioration, soil flux 
increased due to floralturbation and led to increasing slope convexity through time. A 
schematic representation explaining tephra distribution is presented in Figure 1.2. 
 
 
Alluvial Gravels
Loess
Tephra
Primary
Deposition
Layer
Diffused Through Upper
Soil Profile Downslope
Forest Disturbance via
Windthrow & Seismicity
(a) (b)Present Tephra Distribution Holocene Forest
Downslope 
Soil Transport
 
 
Figure 1.2. Model of floralturbation via forest disturbance in Charwell Basin, based on the 
work of Tonkin and Almond (1998) and Roering et al. (2002; 2004). Tephra was used as a 
geomorphic tracer of soil transport. (a) Present tephra distribution under modern pastoral 
grassland on a loess landscape mantling dissected late Quaternary alluvial gravels. Within 
upper slope loess is a primary tephra deposition layer. Further downslope the tephra peak 
disappears and is replaced by diffuse tephra mixed to a specific depth. (b) Tephra 
distribution explained by gradual exhumation and mixing of tephra and soil by forest tree 
species via storm- and earthquake-induced treethrow, resulting in downslope soil transport. 
Primary deposition layer (0.8 m) is too deep to be affected by these processes. 
 
 
The hypothesis of increased soil transport via floralturbation through the LGIT is directly 
tested in this study using a coupled paleovegetation and sediment record (Chapter 5). 
However, a major caveat is that another potential bioturbative force is not addressed here: 
birds. Prior to human arrival c. 750 yr BP, New Zealand possessed a rich and extensive 
avifauna that largely went extinct due to human predation and the introduction of rodents 
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and dogs, and subsequently other mustelids and cats (Holdaway, 1989; Holdaway et al., 
2001). In modern times offshore islands support large numbers of ground-nesting seabirds 
(Mulder and Keall, 2001), and although soil transport and erosion due to burrowing has not 
been quantified, birds are potentially a significant faunalturbative force in these 
landscapes. This was probably also the case on the coasts of New Zealand’s main islands. 
Further inland, terrestrial flightless birds such as the still extant Kiwi (genus Apteryx) are 
also soil burrowers for nesting in forest ecosystems and feed on soil invertebrates, and thus 
are also candidates for agents of faunalturbation in the past when population densities were 
significantly higher. In the absence of any quantitative data on potential avifaunal, or 
invertebrate, effects in New Zealand on soil transport and landscape evolution, such effects 
must remain speculative and await further research.  
 
This study is concerned with floralturbation effects. If in some landscapes the biota acts as 
the filter through which climate signals are transmitted, then the nature and extent of 
climatic variability and associated ecosystem changes must be appreciated. In the next 
section Quaternary climate oscillations are placed in the wider context of Earth history, and 
in Section 1.2.3 late Quaternary changes in the South Island of New Zealand are discussed. 
 
1.2.2. Global change – deep time and the Quaternary 
Two centuries of Earth science have demonstrated that our planet has undergone 
significant crustal and atmospheric changes since its original accretion and differentiation, 
and have underlined its one apparent constant: incessant dynamism. While such changes 
over Earth’s history have been appreciated for some time, recent analyses and simulations 
have highlighted the extent to which atmospheric composition and climate have coevolved 
over the Phanerozoic (Figure 1.3; Berner, 2001, 2006;  Berner and Kothavala, 2001; 
Berner et al., 2007; Ward, 2006; Royer, et al., 2007). This work has highlighted the wider 
connection between prevailing planetary climatic conditions and atmospheric chemistry 
and the significant extent to which CO2 and O2, so essential to life, have fluctuated through 
time. The combined paleoatmospheric and paleoclimatic record presented in Figure 1.3 
also shows the relatively steady decrease in atmospheric CO2 composition and concomitant 
increase in O2 throughout the Cenozoic Era, highlighting the general planetary cooling 
known to have occurred over this time up to our present era (Zachos et al., 2001). It is clear 
that modern levels of O2 (21%) and CO2 (<1%), and accompanying planetary conditions 
are not representative of much of the last 550 million years of Earth history, and will 
undoubtedly continue to change into the future, with human-induced perturbations in the 
Earth system playing a significant role in the near future. 
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Figure 1.3. See relevant citations for image.  
Reconstructed Phanerozoic atmospheric oxygen (O2) and carbon dioxide levels (CO2) from 
the analyses of Berner (2001, 2006) and Berner and Kothavala (2001). RCO2 is the ratio of 
the mass of past CO2 to that of the pre-industrial present. Inferred climates through 
Phanerozoic periods, mass extinction events and modern atmospheric O2 level (21%) are 
indicated. Figure adapted from Ward (2006). Atmospheric O2 and CO2 levels have fluctuated 
significantly through the Phanerozoic, and are strongly correlated with prevailing planetary 
climatic conditions and both mass extinction and speciation events. 
 
 
Since the work of Milankovitch (1941) and Hays et al. (1976) the ultimate control of 
Quaternary climate oscillations lying within Earth’s regularly changing orbital and spin 
configurations has become well established, and these orbital variations have also been 
identified in earlier Cenozoic records (Zachos et al., 2001). However, whether or not these 
orbital and spin characteristics manifest as relatively regular glaciations as they have in the 
Quaternary is dependent on how these perturbations are superimposed on Earth’s 
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prevailing conditions as determined by atmospheric composition, configuration of the 
continents, and the global ocean and its heat-transferring currents, all ultimately driven by 
tectonic processes. Zachos et al. (2001) listed some of the more consequential changes in 
these tectonic boundary conditions throughout the Cenozoic: North Atlantic rift volcanism 
and opening and widening of the two Antarctic oceanic gateways – the Tasmanian and 
Drake Passages; uplift of Panama and closure of the Central American Seaway; uplift of 
Himalayas and Tibetan Plateau subsequent to collision between India and Eurasia; and 
sharp declines in atmospheric CO2. Rifting and associated volcanism inject CO2 into the 
atmosphere, and the opening and closing of oceanic gateways has significant implications 
for global redistribution of sensible heat via marine thermohaline conveyors. Continental 
uplift affects climate in two ways: 1) increased silicate weathering leads to CO2 drawdown 
through the formation of carbonic acid and 2) more land area is provided for ice 
accumulation. Significant CO2 drawdown has also been attributed to the evolution and 
spread of C4 grasses, which is contemporaneous with build up of Northern Hemisphere ice 
sheets (Zachos et al., 2001). For a detailed and comprehensive review of causes and 
feedbacks underlying glaciations, including a range of proposed terrestrial and marine, 
biotic and abiotic forcing mechanisms, see Williams et al. (1998). For present purposes it 
suffices to say that Earth’s Cenozoic climatic oscillations are the result of extremely 
dynamic and complex, positive and negative, linear and nonlinear feedback processes 
between the geosphere, hydrosphere, cryosphere, atmosphere, and biosphere. 
 
There are correlations between late Cenozoic climate and global erosion of landmasses, 
further suggesting significant atmosphere-geosphere coupling (Figure 1.4). Zhang et al. 
(2001) and Molnar (2004) reviewed evidence for late Cenozoic global increase in 
terrestrially-derived marine sedimentation originating from both glaciated and non-
glaciated mountainous and lowland regions, and pointed out the significant increase that 
occurs from the Pliocene and into the Quaternary. Zhang et al. (2001) and Molnar (2004) 
attributed the increase in sedimentation to increased terrestrial erosion as landscapes 
adjusted to continuously alternating climatic states, both in the Pliocene and through 
Quaternary glacial-interglacial transitions. While in glaciated mountainous areas the action 
of glaciers (e.g. Brozović et al., 1997; Spotila et al., 2004; Haeuselmann et al., 2007) and 
landscape responses to their melting and retreat can explain a significant fraction of global 
sedimentation, the geomorphic mechanisms underlying erosional responses across the 
remainder of erosional terrestrial surfaces are largely unknown. Unlike in glaciated terrain, 
the relative magnitudes of rates of erosion through glacial-interglacial oscillations in these 
areas are also poorly constrained. These questions are directly addressed in this study 
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through an analysis of how biogeomorphic soil transport processes and rates changed 
through the LGIT in unglaciated terrain (Chapter 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. See relevant citations for figure. 
(a) Histogram of terrigenous sediment deposited in the world’s oceans over the last 85 Ma. 
Note increase in sediment mass after ~5 Ma. (b) Plot of δ18O from benthic formaniferas since 
25 Ma, showing increases in mean values and in variability since ~5 Ma. The former increases 
imply cooling, and the latter increases imply increasingly variable climate. Adapted from 
Zhang et al. (2001) who used data from Bickert et al. (1997), Billups et al. (1997), Hay et al. 
(1988), Shackleton and Hall (1997), Tiedemann and Franz (1997) and Zachos et al. (1997).  
 
 
By the late Pliocene, northern hemisphere climate had cooled sufficiently for significant 
ice accumulation and the onset of ice sheet growth and decay characteristic of the 
Quaternary (Williams et al., 1998). The orbital variations identified by Milankovitch 
(1971) and Hays et al. (1978) are now recognised as the underlying mechanism for the 
glacial-interglacial cyclicity, although the effects of varying insolation were subject to the 
complexities of Earth’s internal feedback mechanisms mentioned above. Pisias and Moore 
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(1981) subdivided the Quaternary as follows: 1) early Quaternary (2.0-1.45 Ma BP) 
characterised by lower amplitudes of climate variability, and low 41 kyr amplitude; 2) 
middle Quaternary (1.45-0.9 Ma) characterised by increase in amplitude of the 21 kyr and 
41 kyr periods; 3) late Quaternary (900-0 ka), characterised by major increase in amplitude 
of climate variability near the 100 ky period and lesser increase in the 41 kyr period. While 
the 21 ky and 41 ky periods are attributed to classical Milankovitch orbital mechanisms, 
the 100 ky cycle may have instead been driven by Earth’s internal feedbacks (Williams et 
al., 1998). However, recent analyses of Antarctic ice core records concluded that the last 
three glacial-interglacial cycles with ca. 100 kyr periodicities were triggered by 
fluctuations in high northern latitude summer insolation (Kawamura et al., 2007), 
supporting the original hypotheses of Milankovitch (1941) and analyses of Hays et al. 
(1978). In any case, it is this 100 kyr oscillation in particular that is so evident in late 
Quaternary polar ice core records. Figure 1.5 shows selected late Quaternary Antarctic 
(Vostok) and Greenland (NGRIP) ice core records for the last ca. 180 kyr extending into 
Marine Isotope Stage (MIS) 6, covering the last interglacial-glacial cycle and representing 
the period covered by this study. Apart from the obvious climatic shifts represented by the 
deuterium data and associated reconstructed atmospheric temperatures (Figure 1.5a), of 
note are the parallel oscillations in atmospheric CO2 content (Figure 1.5b). This reflects, at 
a smaller temporal scale, the wider climate-atmospheric chemistry correlations so evident 
throughout the Phanerozoic (Figure 1.3). As shown by the NGRIP δ18O record (Figure 
1.5c), the paleoclimate signals are global in nature. Various studies (e.g. Monnin et al., 
2001; Caillon et al., 2003; Kawamura et al., 2007) have noted the time lag between 
reconstructed temperature and atmospheric CO2 content from ice cores, indicating that CO2 
is a response to, and not a driver of, late Quaternary global temperature fluctuations. This 
highlights the uncertainties in cause and effect for climate drivers, and further emphasises 
the importance of unravelling the complex feedback mechanisms underpinning global 
change.  
 
The ca. 100 kyr climate periodicity is of particular relevance to this study, as this period 
covers the last interglacial-glacial-interglacial cycle reconstructed for Charwell Basin 
(Chapters 3 and 4). In addition, both the shorter orbital periodicities and the 100 kyr cycle 
have implications for biogeomorphic landscape responses to climatically-forced ecosystem 
change. Roering et al. (2001) demonstrated that for steep, soil mantled hillslopes in the 
Oregon Coast Range, U.S.A., equilibrium adjustment timescales subsequent to changes in 
climate-related sediment transport efficiency were ≤50 kyr. The implication is that 
landscapes with equilibrium adjustment timescales inherently greater than the 21 kyr, 41 
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kyr or 100 kyr climate cycles will be continually responding to different climate conditions 
without achieving equilibrium, with concomitant slope morphological evolution and 
generation of sediment. Conversely, landscapes with adjustment timescales less than these 
periodicities may achieve equilibrium, but will inevitably be induced to respond to new 
climatic conditions, vegetation cover and rates of sediment transport. While a detailed 
investigation of these concepts over such time scales is beyond the scope of this study, 
landscape responses to climatically-forced ecosystem changes through the climatic 
threshold of the LGIT are addressed in Chapter 5. 
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Figure 1.5. Selected late Quaternary Antarctic and Greenland ice core records, with marine 
isotope stages indicated. Deuterium and reconstructed temperature (a) data are from the 
Antarctic Vostok record (Petit et al., 1999, 2001). Atmospheric CO2 (b) data from the 
Antarctic Vostok record (Barnola et al., 1987). North Greenland Ice Core Project δ18O data 
(c) from NGRIP Members (2004a, 2004b). 
 
 
The Quaternary climate oscillations resulted in significant ecosystem shifts across the 
planet. Changes in plant communities in particular are of relevance to this study, as they 
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are the basis for investigating biogeomorphic influences in Charwell Basin. Presented 
below is a brief review of late Quaternary paleoecoystem studies in South Island, New 
Zealand. 
 
 
1.2.3. Reconstructing South Island’s paleoecosystems 
The transition from the late Pleistocene into the Holocene represents the most significant 
non-anthropogenic climatic shift in Earth’s recent history, and accordingly the LGIT has 
been the focus of voluminous research by Quaternary scientists. Of relevance to the present 
discussion are those studies focussed on responses of terrestrial ecosystems to this change 
(e.g. Adams and Faure, 1998; Adams et al., 1990; Beerling, 1999; Bird et al., 1994; 
Crowley, 1991, 1995; Esser and Lautenschlager, 1994; Kaplan et al., 2002; Otto et al., 
2002; Prentice et al., 1993). These studies show that reconstructions of the global carbon 
cycle and terrestrial carbon storage since the Last Glacial Maximum (LGM) are crucially 
dependent on assumptions of vegetation biomass and soil organic carbon as interpreted 
from paleovegetation reconstructions. Paleovegetation data are essential for testing 
simulations and calibrating models of past climates, especially through the LGIT. The 
success of such retrodictive models lends credence to the ever more sophisticated models 
predicting future climate changes and associated responses in terrestrial ecosystems as 
presented by the IPCC (2007a, b). 
 
McGlone (1985) argued that New Zealand’s plant distributions are related to large-scale 
modification of the land mass by active tectonism since the Oligocene, with glaciations 
affecting plant distribution patterns by permitting glacial environment specialists to spread 
widely. This “tectonic model” of plant biogeography explains the distribution of endemic 
(a taxon restricted to given area), disjunct (a taxon occurring in different areas) and 
vicariant (two closely related taxa occupying mutually exclusive areas) taxa in New 
Zealand, and emphasises that these distribution patterns are the result of “deep time” 
geological processes (orogeny, subsidence/uplift leading to marine 
transgression/regression) and not the result of the climate and ice effects of the LGM. In 
particular the older, more stable areas of New Zealand retained diverse floras due to the 
retention of older taxa, whereas younger more dynamic areas of New Zealand exhibited 
lower biodiversity. Regional taxon distributions were thus determined by the tectonically-
controlled geographic isolation, preservation, creation and destruction of landscapes. 
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With the onset of the Quaternary climate oscillations, warm-climate forested landscapes 
alternated with cool-climate grass-dominated landscapes over interglacial-glacial cycles. 
The reviews of McGlone (1988) and McGlone et al. (1993) emphasised the most recent 
and clearly discernable climate-driven ecosystem shifts in the paleovegetation record; that 
of the late Pleistocene (LGM) – Holocene transition. Based largely on palynological 
evidence, much of the ice-free areas of the New Zealand land mass at the time of the LGM 
are interpreted to have been dominated by grassland-shrubland and alpine vegetation, with 
scattered forest areas acting as refugia from which forest species would spread with the 
Holocene climatic amelioration. The dominance of grassland-shrubland communities at the 
LGM as interpreted from the palynological record has implications for reconstructing 
paleotemperatures, and this dominance has led to the not unreasonable assumption that the 
LGM was harshly cold, and that these temperatures played a role in the restriction of forest 
areas to their isolated refugia. 
 
The locations of key South Island late Quaternary paleofloral and paleofaunal study sites 
are shown in Figure 1.6. The late Quaternary time spans covered by, and paleofloral/faunal 
data and dating techniques used in, these studies are shown in Figure 1.7. These 
paleoenvironmental reconstructions have been conducted in all South Island regions except 
Fiordland, are based on pollen, plant micro- and macrofossils, phytoliths, diatoms, fossil 
beetle and fossil chironomid data, and have been dated using radiocarbon (14C), thermally-, 
optically- and infrared–stimulated luminescence (TL/OSL/IRSL) and tephrostratigraphy. 
The time frames presented in Figure 1.7 are general indicators of the periods covered 
within the studies, and are not meant to suggest continuous records, especially since some 
studies (e.g. Moar and Suggate, 1996) are reviews and compilations of data from different 
sites. It can be seen that the studies of Shulmeister et al. (1999) and Soons et al. (2002) on 
Banks Peninsula in Canterbury and Vandergoes et al. (2005) and Newnham et al. (2007b) 
at Okarito in Westland cover the longest period, extending into MIS 7 and MIS 6. The 
latter used multiple proxies for vegetation climatic reconstruction (pollen, phytoliths and 
diatoms), whereas the former utilised pollen alone. The studies of Almond (1997) and 
Moar and Suggate (1996), both in Westland, extend to MIS 6 and MIS 5, respectively. 
Almond’s (1997) paleovegetation reconstructions were based on phytoliths extracted from 
loess deposits, whereas Moar and Suggate’s (1996) review of Westland paleovegetation is 
based on pollen extracted from peats and bogs. Prebble and Shulmeister’s (2002) 
phytolith-base reconstructions in Otago cover the middle part of MIS 5, and most of MIS 
3, 2 and 1. Burge and Shulmeister (2007) used fossil beetle data to reconstruct Westland 
vegetation through the MIS 3/2 transition. Most of the remainder of the studies cover the 
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LGIT and Holocene climatic amelioration, and generally show a widely seen pattern of 
grass- and shrubland-dominated ecosystems during the last glaciation which eventually 
gave way to recolonising forest species by ca. 10 ka with the Holocene climatic 
amelioration. The most comprehensive and continuous South Island paleovegetation 
records are from Westland, and a summary of ecosystem changes in this region extending 
to MIS 6 is presented in Figure 1.8. The most recent reconstruction of New Zealand’s 
LGM (ca. 22 ka) and Holocene (just prior to human colonisation) vegetation is presented 
in Figure 1.9 (modified from Alloway et al., 2007). 
 
As presented in Figure 1.7 most South Island paleoecological studies were based on pollen 
analyses and these have largely served as the basis of Alloway et al.’s (2007) spatial 
reconstructions for LGM ecosystems (Figure 1.9), and have contributed to the 
development of the recent New Zealand-Australasia climate event stratigraphy (see 
below). The recent pollen reconstructions of Vandergoes et al. (2005) and Newnham et al. 
(2007b), as well as the paleofaunal temperature and vegetation reconstructions of 
Woodward and Shulmeister (2006), Marra et al. (2006) and Burge and Shulmeister (2007), 
have supported the notion that there were mild interstadial conditions in New Zealand 
between 27 ka and 24.5 ka, and that the extended New Zealand LGM (eLGM, 29-18 ka; 
Newnham et al., 2007a) had a complex and dynamic structure. The work of Woodward 
and Shulmeister (2006), Marra et al. (2006) and Burge and Shulmeister (2007) is of 
particular interest in the context of the present study since the paleofaunal (fossil beetle) 
data they used reflect conditions at the sampling locality, albeit for only a restricted 
window of time. This contrasts with more conventional pollen reconstructions which, due 
to pollen being specifically adapted to wind dispersal, reflect widespread regional signals 
and cannot speak to site-specific conditions. Local reconstructions are of interest since they 
may differ from ecosystem and paleoclimatic conditions reconstructed from regional 
pollen data alone, reflecting microclimatic or other local variations in response to regional 
climate changes. In addition, these alternate proxies may avoid the biases in pollen records 
possibly caused by climate stress-related effects in plant reproductive strategies and pollen 
production (e.g. Dorken and Eckert, 2001; Hicks, 2006). In this study, biogenic silica 
microfossils are used to reconstruct site-specific paleoecological conditions in Charwell 
Basin (Chapter 4). Phytoliths are used to reconstruct local shifts in plant communities 
extending back to MIS 6, and fossil soil diatoms are used to infer local hydrological 
conditions extending to the MIS 3/4 transition. The findings have significance for regional 
vegetation reconstructions, as well as local vegetation histories for interpreting biotic 
effects on geomorphic processes (Chapter 5).  
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Figure 1.6. Locations of key South Island late Quaternary paleofloral/faunal study sites. See 
Figure 1.7 for paleorecord time spans and other details. 
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Figure 1.8. Summary of South Island paleovegetation records. (a) Arboreal pollen diagram 
from DSDP 594, from Barrows et al. (2007). Also shown are summaries of Westland records 
from North Westland and Westport  (b and c; Moar and Suggate, 1996) and Okarito in South 
Westland (d; Vandergoes et al., 2005 and Newnham et al., 2007b). 
 
 
The late Quaternary paleovegetation records extending to MIS 6 for Westland provide a 
useful comparison for reconstructed ecosystems in Charwell Basin (Chapter 4). In 
addition, the New Zealand Integration of Ice-core, Marine and Terrestrial Records (NZ-
INTIMATE) group has recently developed a framework of climate events over the last 30 
ky (Alloway et al., 2007), the crucial period covering the LGM, the LGIT and the 
Holocene. A range of proxy climate records have been used including pollen, speleothems 
and fragmentary records such as glacial, fluvial aggradation and degradation and loess 
deposits, and a provisional set of New Zealand climate phases has been established 
(Alloway et al., 2007). Also, in collaboration with the Australian INTIMATE group (OZ-
INTIMATE), a draft framework of New Zealand-Australasia climate event stratigraphy 
has been constructed (Newnham and Alloway, 2007). These are shown in Figure 1.10. As 
is illustrated by the draft climate event stratigraphy, the LGM in the New Zealand-
Australasia region is considered to have begun several millennia before the time it is 
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conventionally recognised in the northern hemisphere (Mix et al., 2001), and is 
characterised by millennial scale variation between cooler (stadial) and warmer 
(interstadial) conditions. The LGM was not a time of uniform coldness, but has a complex 
structure (e.g. events 9c, 8w, 7c, 6w, 5c; see Figure 1.10). The Charwell Basin eLGM will 
be interpreted in the context of this climate event stratigraphy (Chapter 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9. See relevant citation for image. 
Reconstructed New Zealand ice and vegetation distributions at c. 22,000 cal yrs BP during 
the LGM (left), and late Holocene at c. 1250 AD just prior to human arrival (right). Modified 
from Alloway et al. (2007). 
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Figure 1.10. (a) Antarctic Vostok ice core deuterium data from Barnola et al. (1987), (b) 
Antarctic Vostok ice core CO2 from Barnola et al. (1987) and IPCC (2007a). (c) Draft New 
Zealand-Australasia (NZA) climate event stratigraphy, after Newnham and Alloway, (2007; 
w=warm, c=cold, t=transitional). (d) Provisional New Zealand climate phases, after Alloway 
et al. (2007). The Anthropocene (after Crutzen and Stoermer, 2000) epoch is also indicated. 
 
 
1.2.4. Loess landscapes 
Glacial periods, as shown by ice core dust records (Figure 1.11), are times of significant 
mobilisation and deposition of aeolian dust. Due to increased aridity, abundant fine 
sediment production and increased prevailing winds known to occur during glaciations, 
extensive loess deposits occur on all major ice-free landmasses (see Bettis III et al., 2003; 
Chlachula, 2003; Eden and Hammond, 2003; Frechen et al., 2003; Hesse and McTanish, 
2003; Kohfeld and Harrison, 2003; Muhs et al., 2003; Zárate, 2003). The periodicity of 
loess deposition and its climatic controls, and the pedogenic and paleobotanical 
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information contained within loess mean that loess constitutes a valuable fragmentary 
paleoclimatic record, and in some areas constitutes the only record when conditions are not 
favourable for preservation of other climate proxies. A detailed discussion of loess 
stratigraphic studies as they pertain to this study is presented in Chapter 3, Section 3.1.4. 
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Figure 1.11. Antarctic ice core dust flux (a) and dust concentration (b) data for the last 30 
kyr. Vostok flux data from Delmonte (2004) and Petit et al. (1990). Dome C concentration 
data from EPICA Community Members (2004a). 
 
 
A wide variety of possible interactions between the spatial pattern of loess sources, 
topography, and vegetation boundaries can create complex patterns of loess distribution 
(Mason et al., 1999). Factors influencing loess mantle distribution include proximity to 
major dust sources (Smith, 1942; Ruhe, 1969; Handy, 1976; Olsen and Ruhe, 1979; 
Sweeney et al., 2007), the effects of vegetation on trapping dust and/or increasing surface 
roughness (Trainer, 1961; Tsoar and Pye, 1987; Pye, 1996; Mason et al., 1999) and source 
valley geometry (Putman et al., 1988; Leigh, 1994). Topography also influences loess 
distribution, whether through interactions with airflow causing turbulence leading to loess 
deposition downwind of hills and mountain ranges (Goossens, 1988; Pye, 1996), through 
providing topographic obstacles downwind of which there is long-term loess accumulation 
and limited re-entrainment of dust (Mason et al., 1999), and through slope length, slope 
gradient and/or curvature influencing competing processes of loess accumulation and 
erosion (Vreeken, 1975; Goossens, 1988, 2001; Mason and Knox, 1997). Within loess 
mantles, stratigraphic studies complemented by relative and numerical dating techniques 
have reconstructed landscape history. Exposed loess sections sometimes reveal extremely 
complex stratigraphy including unconformities and cross-cutting relationships, revealing 
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episodes of Pleistocene aeolian deposition and erosion (e.g. Ruhe, 1969; McDonald and 
Busacca, 1988, 1992; McIntosh et al., 1990; Busacca and McDonald, 1994; Zhang et al., 
1991). Mason et al (1999) emphasised that the mechanisms controlling the spatial pattern 
of thick loess accumulation remain poorly understood, and that local and regional loess 
distribution is complex. 
 
Zhang et al. (1991) presented a scenario of loess landscape evolution on the Chinese Loess 
Plateau (Figure 1.12a) that can be applied to loess landscapes in general (Figure 1.12b). 
Where loess deposition rate is high due to dust source parameters, physiographic and 
vegetation factors, thick loess accumulates, and whatever erosion occurs produces all relief 
in the loess mantle. With the onset of erosion, loess is stripped and prevented from 
accumulating in erosional parts of the landscape but may continue accumulating on low 
curvature uplands and ridges, and overall landscape relief increases (Figure 1.12a, bii). As 
loess deposition decreases and/or erosional processes increase due to climatic change or 
internal geomorphic thresholds being reached, loess mantles will eventually be stripped 
entirely from the underlying lithology (Figure 1.12biii). Loess landscapes exhibit much 
complexity since a single region may be comprised of loess mantles in different stages of 
evolution (Zhang et al., 1991). 
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Figure 1.12.  (a) Loess landscape evolution on the Chinese Loess Plateau, after Zhang et al., 
1991). Note increase in landscape relief with continued accumulation on ridges and 
interfluves and valley incision from time (i) to (iii). (b) Schematic representation of removal 
of loess mantles. (i) Relief in loess mantle, displaying multiple episodes of loess sheet 
accumulation and erosion. With decrease in loess deposition and/or increase in erosive 
processes, loess mantle is reduced and dissected (ii) and eventually stripped (iii). 
  
 25 
Loess, defined in the New Zealand context by McCraw (1975) as any fine-textured deposit 
of aeolian origin other than sand dunes or tephra, is one of the most extensive Quaternary 
deposits in New Zealand’s South Island (Alloway et al, 2007; see Eden and Hammond 
(2003) and Schmidt et al. (2005) and references therein). Studies in New Zealand’s North 
Island, have shown that Pleistocene glacials are periods of high loess accumulation, and 
coincidence of cold-climate river aggradation and loess accumulation is supported by 
tephrochronology and numerical ages (Milne, 1973a, b; Pillans, 1994; Litchfield, 2003). 
Cold-climate periods lead to reduced plant and soil cover in mountainous catchments, 
within which periglacial processes lead to high sediment supply to rivers. This leads to 
river aggradation which produces broad, unstable floodplains crossing the coastal plains 
enlarged by glacio-eustatic sea-level lowering. Production of loess particles either occurs 
due to mountainous cold climate processes (McCraw, 1975), or by river abrasion and 
comminution (Palmer et al., 1989). Late Plesistocene loess mass accumulation rates 
(MAR) have been calculated using the widespread 27,097 ± 957 cal. yr BP (Lowe et al., in 
press) Kawakawa Otuanui tephra (KOT), and mostly range 70-150 g m-2 yr-1 (Eden and 
Hammond, 2003). Climatic amelioration leads to reduced sediment supply to rivers which 
subsequently entrench in their fans, and loess accumulation slows. A contemporary MAR 
of 40-100 g m-2 yr-1 has been calculated downwind of one South Island braided river 
floodplain (Eden and Hammond, 2003), and dust deflation from modern floodplains is 
evident in strong winds. However, Holocene loess accumulation in New Zealand is 
generally regarded as negligible, and modern uneroded land surfaces in loess landscapes is 
generally taken as the point where Pleistocene loess accumulation slowed dramatically or 
ceased altogether. 
 
Loess occurs mostly on late Pleistocene terraces or older river terraces and marine benches, 
and also constitutes the dominant soil parent material on many South Island hills and 
downlands downwind of river floodplains (Eden and Hammond, 2003). Thickness varies 
considerably, with deposits up to 20 m in some areas (Selby, 1976), although these may 
not represent total original thickness due to post-depositional erosion and redistribution 
(Schmidt et al., 2005). Loess deposits are dominantly derived from dust deflated from river 
floodplains by prevailing winds, which then blankets the landscape downwind of the river 
source area (Raeside, 1964; Ives, 1972). Some textural variation due to particle sorting by 
wind transport is evident with coarser textured loess found adjacent to floodplain source 
areas, but most South Island deposits appear to be uniform silt-loam in texture (Raeside, 
1964). Derived from Mesozoic and Neogene rocks of the axial ranges and hill country, 
most South Island loess is dominantly quartzo-feldspathic in composition although 
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mineralogical variation is evident within and between deposits reflecting variations in wind 
direction, turbulence and velocity, and source rock provenance (Raeside, 1964). The most 
recent spatial analysis of South Island loess landscapes was presented by Schmidt et al. 
(2005), who mapped the diversity of loess regions using soil map data, the New Zealand 
Land Resource Inventory and expert knowledge (Figure 1.13). These analyses highlighted 
both the diversity and extent of landscapes in which loess constitutes a component of 
surficial materials. These range from significant loess deposits on lowland terraces 
adjacent to major rivers to loess-mantled hills and steepland. Schmidt et al. (2005) 
produced coarse-scale maps, and recent higher-resolution analyses have been conducted to 
better resolve loess distribution patterns in select window areas (Hughes et al., submitted).  
 
Studies on the geomorphic evolution of loess landscapes have generally focussed on what 
their internal stratigraphy reveals about episodes of Pleistocene aeolian deposition and 
erosion (e.g. Ruhe, 1969; McIntosh et al., 1990; Busacca and McDonald, 1994) and on 
natural and anthropogenic Holocene erosion (e.g. Huang et al., 2002, 2006; Xiubin et al., 
2004). While there have been regional studies of the development and spatial distribution 
of loess landforms and landscapes (e.g. Ruhe, 1969; McDonald and Busacca, 1988, 1992; 
Leger, 1990; Mason et al, 1991; Zhang et al., 1991; Schmidt et al., 2005), there is no 
literature documenting the detailed evolution of a single type of loess landscape through 
the ecological and biogeomorphic process variation time frames of the Quaternary, 
particularly in tectonically active areas. The differently-aged surfaces in Charwell Basin, 
all of fluvial origin, provide a rare opportunity to do this. Loess landscape evolution in 
Charwell Basin is addressed in Chapter 2, and loess stratigraphy and pedogenesis in 
Charwell Basin is addressed in Chapter 3. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13. See relevant citation for image. 
(a) South Island loess landscapes, indicating areas with similar geomorphic history. Derived 
by expert classification of soil map data. (b) South Island loess cover groups, indicating 
general magnitude of loess occurrence. (c) South Island loess pattern groups indicating 
internal spatial variability within lands sytems. From Schmidt et al. (2005). 
 
 
1.3. The Study Area – Charwell Basin, South Island, New Zealand 
 
1.3.1. Tectonic, geologic and physiographic setting 
Charwell Basin is in North Canterbury, South Island, New Zealand, and is situated at the 
juncture of the South Island Axial Ranges and Canterbury Faulted and Folded Belt tectonic 
geomorphology regions (Williams, 1991; Figure 1.14). The basin itself is a 6 km-wide 
structural trough containing the piedmont reach of the Charwell River. The Seaward 
Kaikoura Range and hill country surrounding the basin are comprised of Cretaceous folded 
and faulted, massive to medium bedded greywackes and argillites of the Pahau terrane 
(Rattenbury et al., 2006; Figure 1.15). Modern sediment yields in the Kaikoura ranges are 
among the highest known (O'Loughlin and Pearce, 1982). The mountainous catchment of 
the Charwell River and the basin are separated by the 220 km-long Hope fault, the most 
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active splay of the South Island Marlborough fault system. Uplift on the Range side of the 
Hope Fault is 3-6 mm yr-1, and basin uplift is ~1.3 mm yr-1 (Bull, 1991). High rates of 
right-lateral slip (20-35 mm yr-1) and uplift along the fault allow for the accumulation, 
translocation, and preservation of alluvial deposits within the basin, and terrace remnants 
are progressively older southwest of the current channel location (Bull, 1991). 
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Figure 1.14. Plate tectonic setting of New Zealand, with tectonic geomorphology regions 
(after Williams, 1991) shown. Study area location is indicated.  
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Figure 1.15. See relevant citation for image. 
Lithology and faults of the Charwell area, adapted from Rattenbury et al. (2006; originally 
mapped at 1:250,000 scale). Charwell River and catchment also shown. 
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The sequence of alluvial terraces in Charwell Basin was first comprehensively described 
by Bull (1991), who ascribed their formation to aggradation and degradation periods of the 
Charwell River. In order of increasing age the terraces are: post Stone Jug (Holocene), 
Stone Jug, late and early Flax Hills, Dillondale and Quail Downs. Their most recent 
delineation, digitised from topographic maps and aerial photographs for this study, is 
presented in Figure 1.16a. The alluvium comprising the terraces and terrace remants 
originates from the twin catchments of the Charwell River in the Seaward Kaikoura Range. 
Due to their south-west translocation along the Hope Fault, the terraces have been 
disconnected from their sediment source and preserved. In other geomorphic settings 
where such translocation does not occur, older alluvial deposits are obliterated or buried by 
subsequent degradation/aggradation events (Bull, 1991). As also highlighted by Bull 
(1991), the Charwell River has not always persisted in its current position with respect to 
the various terrace remnants in the basin, and is likely to have avulsed to new piedmont 
locations as it issued from the mountain catchments at the Hope Fault, particularly in 
periods of aggradation when the river was not confined to an incised channel. These 
avulsion and subsequent incision events complicate the picture of terrace development, but 
the horizontal translocation along the Hope Fault and uplift within the basin, along with 
loess statigraphy, make the overall sequence of terrace formation clear (Figure 1.17). 
Terraces closer to the fault (e.g. parts of Stone Jug and Quail Downs) have been buried by 
Holocene fans. 
 
All terrace remnants except the oldest are mantled with one or more loess sheets each 
corresponding to individual glacial (Bull, 1991; Tonkin and Almond, 1998). The study site 
upon which the investigations in Chapter 3, 4 and 5 are based is located on what is termed 
the Dillondale terrace remnant which is mantled with three loess sheets as interpreted from 
soil stratigraphy (Tonkin and Almond, 1998), and perhaps apart from loess deposits on 
Kaikoura Peninsula (Ota et al., 1996) constitutes what appears to be one of the longest 
loess records from this area of coastal north Canterbury. The Dillondale loess mantle has 
been progressively dissected and stripped over time to produce a loess landscape of 
uneroded interfluves and infilled and evacuated gullies. The paired loess records 
investigated here are situated at either end of a catenary sequence representing upbuilding 
glacial loess sequences punctuated by interglacial top-down pedogenesis (interfluve) 
(Almond and Tonkin, 1999) and a parallel colluvial infilled gully deposit (hollow). 
Location of these paired records is shown in Figure 1.16b and c. The Dillondale terrace 
remnant has been variously ascribed to MIS 4 (79-51 ka) by Rattenbury et al. (2006) and to 
a Penultimate glaciation aggradation phase (c. 130 ka) by Tonkin and Almond (1998).  
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Figure 1.16. (a) Charwell Basin late Quaternary terrace surfaces. Nomenclature after Bull 
(1991). Location of Dillondale loess exposure (Figure 1.18 and Table 1.1) indicated. (b) 
Location of interfluve and gully sampling sites on the Dillondale terrace used for the analyses 
presented in Chapters 3, 4 and 5. (c) Schematic cross section of sampling area on the 
Dillondale terrace, with loess sheets and colluvium indicated. Adapted from Roering et al. 
(2004). 
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Figure 1.17. Generalised model of Charwell Basin terrace development, with duration of 
glacial aggradation events. Age data from Bull (1991). Adapted from Tonkin and Almond 
(1998). 
 
 
1.3.2. Climate 
Local climate is the product of Southern Hemisphere westerlies interacting with the rugged 
topography of the Southern Alps (Sturman and Wanner, 2001). Orographic uplift of 
airflow off the Tasman Sea (Figure 1.14) results in extreme differences in average 
precipitation between the western and eastern flanks of the Southern Alps. Average annual 
precipitation near the divide on the western side of the Southern Alps can exceed 10,000 
mm, while the eastern coastal plains and mountain basins receive an average annual 
rainfall of 600 mm (Griffiths and McSaveney, 1983). 
 
The Charwell River catchment is weakly seasonal humid (mean annual precipitation 1200 
to 2000 mm) and moderately mesic to frigid depending on altitude (Bull, 1991). Mean 
January temperatures range from less than 12°C to 14°C, and mean July temperatures 
range from much less than 1°C to about +3°C. Climate on the piedmont at the Charwell 
River has a mean annual precipitation of 1000 to 1400 mm, a mean annual temperature of 
9.5 to 10.5°C, and mean January and July temperatures of 14.5 to 15.5, and 3.5 to 4.5°C, 
respectively (Bull, 1991). Dominant weather patterns alternate between westerlies which 
can result in strong föhn winds descending over the Seaward Kaikoura Range, and cooler 
southerlies which are the primary source of local precipitation (Sturman and Wanner, 
2001). 
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1.3.3. Vegetation 
Pollen data and radiocarbon dates of wood and charcoal from the Upper Awatere 
catchment in the Inland Kaikoura Range 30 km north of Charwell Basin shows that from 
the mid Holocene to c. 750 years B.P. the region was covered in Nothofagus forest with 
some areas of Prumnopitys taxifolia, Podocarpus spp. and Phyllocladus spp. (McGlone 
and Basher, 1995). From c. 750 years B.P. there is evidence for rapid destruction of forest 
by fire and its replacement by bracken and grass with the arrival of the first Polynesian 
settlers, with limited recovery of scrub and forest by 600 years B.P. With the arrival of 
European pastoralists from 1860, there was renewed forest destruction in the region and 
bracken was reduced by burning and grazing. The region has been grazed since 100+ years 
B.P., and at present the study site is under pasture. According to the former land owner the 
study site on the Dillondale terrace was cultivated for a brief period subsequent to 
establishment of pastoral farming, but has since been uncultivated for nearly a century. 
 
1.3.4. Previous studies in the Charwell Area 
The Charwell area has been the focus of numerous studies that have largely concentrated 
on estimating terrace surface ages in order to determine slip rates along the Hope Fault 
(Kneupfer, 1984; McCone, 1989; Van Dissen, 1989; Bull, 1991; Pope, 1994; Langridge et 
al., 2003). Eusden Jr et al. (2005) provided a recent analysis of the local structure of the 
Hope Fault in the Charwell Basin. As outlined above, Bull (1991) provided a 
comprehensive treatment of alluvial terrace landforms in the basin, and attributed their 
formation to climatically-forced changes in sediment supply and stream power of the 
ancestral Charwell River. Bull’s (1991) work constituted a significant advance in 
understanding of how geomorphic systems respond to climate change, and serves as a 
major foundation for this study. Bull’s (1991) initial mapping of alluvial landforms in 
Charwell Basin, recognition of loess mantles, and proposed mechanisms for climatically-
forced landform evolution were essential intellectual platforms from which subsequent 
work was launched in this area. Bull’s (1991) interpretations of alluvial aggradation and 
degradation chronology, and by implication timing of loess accumulation, will be assessed 
and revised in Chapter 3. 
 
Investigations of the loess and soil mantles on the Charwell Basin alluvial landforms began 
from the mid 1990s. The fruit of these efforts was the recognition that successively older 
terrace landforms were mantled with increasing numbers of loess sheets (Tonkin and 
Almond, 1998). The application of soil morphological description techniques revealed the 
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presence of three loess sheets, whose upper boundaries were defined by the surface soil 
and two buried soils, on the Dillondale terrace. The relative uniformity of the thickness of 
the upper and most widely preserved loess sheet (L1) suggests that loess accumulation was 
a response to regional river aggradation rather than localised aggradation of the Charwell 
River alone (Tonkin et al., 2005). The discovery of these loess stratigraphic columns 
enabled the Charwell Basin to be included in wider interpretations of late Quaternary 
South Island landscape evolution (Tonkin and Almond, 1998; Tonkin et al., 2004). Soil 
stratigraphy and loess sheet designation on the Dillondale terrace remnant are presented in 
Figure 1.18 and Table 1.1. This loess-stratigraphic framework is the basis of the analyses 
and interpretations presented in Chapters 2, 3 and 4.  
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Figure 1.18. Soil stratigraphy and loess sheets on the Dillondale alluvial terrace. See Table 1.1 
for detailed soil stratigraphic description. Site is erosion scarp exposing terrace interfluve 
stratigraphy. New Zealand Map Grid (NZMG) reference N5861852, E2539084, elevation 409 
m above sea level (asl) . Also see Figure 1.16 for location.  
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1.4. Aim, Objectives and Thesis Structure 
 
The aim of this study is to present an interdisciplinary, integrated and holistic analysis of 
late Quaternary landscape evolution and environmental change in Charwell Basin, South 
Island, New Zealand, based on the theoretical foundations and extending the previous work 
discussed in this Chapter.  
 
The objectives addressed in this study are as follows: 
 
• To describe the loess mantles on Charwell Basin’s alluvial surfaces, and to 
characterise those geomorphic thresholds that control maintenance or erosion of 
loess in the landscape (Chapter 2). 
• To construct a chronological framework of loess deposits for interpretation of late 
Quaternary events in Charwell Basin, and to reconstruct soil weathering and 
paleoenvironmental conditions using pedogenesis data (Chapter 3). 
• To reconstruct late Quaternary vegetation and other paleoenvironmental conditions 
in Charwell Basin using biogenic silica microfossils (Chapter 4). 
• To test the hypothesis that soil transport rates increased from the late Pleistocene into 
the Holocene due to forest bioturbation-associated climatic amelioration (Chapter 5). 
 
The research Chapters presented in this thesis are written in the style of manuscripts for 
submission to peer-reviewed journals. The intended journals for submission are presented 
in Table 1.3. No manuscripts have yet been submitted. A synthesis and summary of 
findings will be presented in Chapter 6. An appendix is also presented describing a 
comparison of techniques for extracting and enumerating cryptotephra from loess deposits 
to aid stratigraphic correlation, and is also intended for journal submission. Thesis structure 
is presented in Figure 1.19. 
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Table 1.2. Journals intended for submission of manuscripts derived from the research 
chapters and Appendix (A) presented in this thesis. 
Chapter Title Journal Intended for Submission 
2 Loess landscape evolution on an active tectonic 
margin, Charwell Basin, South Island, New 
Zealand 
Geomorphology 
3 Reconstructing late Quaternary environmental 
change in Charwell Basin, South Island, New 
Zealand – Part I: Loess stratigraphy, pedogenesis 
and chronology 
Quaternary Research 
4 Reconstructing late Quaternary environmental 
change in Charwell Basin, South Island, New 
Zealand – Part II: Interpretation of biogenic silica 
microfossils 
Quaternary Research 
5 Increased soil transport via forest bioturbation 
through the last glacial-interglacial transition, 
Charwell Basin, South Island, New Zealand 
Geology 
A1 A comparison of extraction and enumeration 
techniques for cryptotephra from loess deposits 
Quaternary Geochronology 
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Chapter 2 
 
Late Quaternary loess landscape evolution on an active tectonic margin,  
Charwell Basin, South Island, New Zealand 
 
 
2.1 Introduction 
 
Extensive Quaternary loess deposits are found on all major ice-free continental land 
masses (Bettis III et al., 2003; Chlachula, 2003; Eden and Hammond, 2003; Frechen et al., 
2003; Hesse and McTanish, 2003; Kohfeld and Harrison, 2003; Muhs et al., 2003, Zárate, 
2003). The overall local and regional structure, spatial distribution and internal stratigraphy 
of loess mantles can provide insight into the processes of landscape evolution. The aeolian 
nature of loess deposits has long been established, and factors influencing loess mantle 
distribution include proximity to major dust sources (Smith, 1942; Ruhe, 1969; Handy, 
1976; Olsen and Ruhe, 1979), the effects of vegetation on trapping dust and/or increasing 
surface roughness (Trainer, 1961; Tsoar and Pye, 1987; Pye, 1996) and source valley 
geometry (Putman et al., 1988; Leigh, 1994). Topography also influences loess 
distribution, whether through interactions with airflow causing turbulence leading to loess 
deposition downwind of hills and mountain ranges (Goossens, 1988; Pye, 1996), through 
providing topographic obstacles downwind of which there is long-term loess accumulation 
and limited re-entrainment of dust (Mason et al., 1999), and through slope length, slope 
gradient and/or curvature influencing competing processes of loess accumulation and 
erosion (Vreeken, 1975; Goossens, 1988, 2001; Mason and Knox, 1997). Within loess 
mantles, stratigraphic studies complemented by relative and numerical dating techniques 
have reconstructed landscape history. Exposed loess sections sometimes reveal extremely 
complex stratigraphy including unconformities and cross-cutting relationships, which have 
been used to identify the timing and duration of landscape erosion events (McDonald and 
Busacca, 1988; Busacca and McDonald, 1994). 
 
Most studies of loess-landscape evolution have occurred in areas of relative tectonic 
stability on continental interiors. Despite the quiescent tectonic nature of these areas, the 
loess mantles themselves form on continually evolving pre-existing landscapes (Ruhe, 
1969, Rebertus et al., 1989; Zhang et al., 1991) and often display considerable complexity 
in their stratigraphy and spatial distribution due to erosion and redeposition. Although 
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tectonically active areas show great potential for research on interactions between 
tectonism, climate change and resulting influences on landscape evolution, with few 
exceptions (e.g. Sun, 2002; Mériaux et al., 2005) there is a paucity of published studies on 
the development of loess landscapes in these areas. The New Zealand landmass, straddling 
the boundary between the Indo-Australian and Pacific tectonic plates, provides an 
opportunity for specifically investigating loess-landscape evolution in tectonically active 
areas adjacent to mountain belts. While much of the loess mantling New Zealand’s South 
Island occurs on low-relief alluvial plains (Raeside, 1964; Ives, 1972; McIntosh et al., 
1990), loess is also widespread in hill country and on the terraces of mountain river 
systems (Eden, 1989; Schmidt et al., 2005). Schmidt et al.’s (2005) loess-landscape models 
show considerable intra-regional variation in loess cover and thickness, and in some areas 
loess appears to be thin to absent adjacent to major rivers where aeolian dust was 
presumably abundant in glacial periods. This suggests that there was significant spatial and 
temporal variation in both modes of loess deposition and subsequent or coeval stripping 
and redistribution of the loess mantle.  
 
Some South Island landscapes shows distinct variation in terrain attributes between areas 
with loess mantles and those without, and other landscapes with similar morphometric 
characteristics show significant differences in loess cover. Figure 2.2 presents examples of 
morphometric analysis for different South Island locations using a 25 m-resolution Digital 
Elevation Model (DEM). In coastal north Otago the loess pattern is strongly controlled by 
underlying lithology and resulting slope form. In areas of steep hill country underlain by 
early Cenozoic quartzose sediments, loess is largely absent (Figure 2.2a; Wilson, 1973; 
Hughes et al., submitted), whereas on flatter uplifted marine terraces loess comprises a 
thick mantle on which significant relief has formed (Young, 1964). There are clear 
morphometric differences between these two areas, with higher frequencies of steeper 
slopes and convex and concave slope elements in areas of thin to absent loess (Figure 
2.2a). The coastal plains of south Canterbury in contrast, are mantled by significant 
quantities of loess comprised of multiple loess sheets (Tonkin et al., 1974) into which all 
local relief has formed, and this area is characterised by low slope angles and curvatures 
close to zero (Figure 2.2b). Loess landscapes in inland central Canterbury share these 
morphometric characteristics (Figure 2.2c) but exhibit a patchy and discontinuous loess 
mantle as evidenced by the soil cover (Soil Bureau Staff, 1968; Schmidt et al., 2005). 
Areas in inland north Canterbury again share morphometric characteristics of low slope 
angles and curvatures close to zero (Figure 2.2d) but are dominantly underlain by Cenozoic 
glauconitic sediments and limestones, with a loess mantle largely absent (Griffiths, 1980).  
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These examples illustate the different modes of loess landscape evolution occurring within 
a single region and suggest that loess mantle evolution in a given loess landscape can be 
conceptualised as falling into one of one three systems, depending on rates of loess 
accumulation and erosion as controlled by base level lowering. These need not be mutually 
exclusive and different modes of loess landscape evolution may occur in a single region 
depending on proximity to loess source and internal regional variation in uplift rates. For 
landscapes whose forms are adjusted to local erosion rates less than loess accumulation 
rates, the loess mantle thickens through time and all topography is formed into the loess 
mantle itself (e.g. parts of north Otago and coastal south Canterbury, areas of the Palouse 
region, U.S.A. (McDonald and Busacca, 1988; Busacca and McDonald 1994) in the 
northern United States). For landscapes whose forms are adjusted to loess accumulation 
rates approximating erosion rates, glacial accumulation phases result in the development of 
a loess mantle, parts of which are then stripped away with interglacial cessation of 
accumulation and valley incision. Over time this could lead to an increase in relief where 
loess mantles on ridges and interfluves persist contemporaneously with deepening or static 
river channels. This is the case in some areas on the Chinese Loess Plateau (Zhang et al., 
1991). For landscapes whose forms are adjusted to erosion rates exceeding loess 
accumulation rates loess either never accumulates or, if deposition temporarily 
overwhelms erosion, forms a transient mantle that is ultimately stripped (e.g. parts of north 
Otago and north Canterbury).  
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Figure 2.1. Locations of South Island loess 
landscapes described morphometrically in 
Figure 2.2. 
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Figure 2.2. Morphometric comparison of four South Island landscapes exhibiting different 
loess mantles. Data from inside white lines. Locations shown in Figure 2.1. 
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Although the 25 m DEM can highlight clear differences between those landscapes where 
loess is absent on steep slopes and those areas where all relief is formed into a thick loess 
mantle, it is of insufficient resolution to identify critical thresholds in slope gradient and 
curvature between areas with loess mantles and those without that otherwise share similar 
landform morphometry. To date there has been no detailed description of loess landscape 
evolution at a South Island locality characterising the thresholds and the temporal and 
spatial evolution of the loess mantle with respect to the interplay between loess 
accumulation and base level lowering-controlled dissection and erosion. 
 
While landscape morphometry plays a key role in loess accumulation (Goossens, 1988) 
and has been used in the quantitative functional spatial modelling of South Island loess 
landscapes (Schmidt et al., 2005; Hughes et al., submitted), little attention has been paid to 
its role in the processes maintaining or removing loess mantles. Roering et al. (2002, 2004) 
proposed a biogeomorphic model of disturbance-driven soil transport on the loess-mantled 
Dillondale terrace remnant in Charwell Basin. Simulations of slope evolution took, as their 
starting point, a loess-mantled rectilinear terrace truncated by a steeply incised gully under 
glacial grassland conditions. Simulations of increased soil transport rates after transition to 
forested conditions in the Holocene produced progressively more convex hillslopes 
(Roering et al., 2004). The model simulations appeared to be supported by rectilinear late 
Quaternary paleohillslopes as revealed by loess stratigraphy, and a modern convex 
hillslope (Tonkin and Almond, 1988; Roering et al., 2002, 2004). This slope evolution 
model provides a key insight into the processes influencing modification of loess mantles 
on the Dillondale altered terrace, and shows considerable potential for providing 
mechanistic explanations of loess mantle and topographic evolution. Since landscape 
morphology reflects the erosional processes shaping it (Gilbert, 1877), an analysis of 
landform morphometry should illuminate those processes and thresholds controlling the 
evolution of the loess mantle in Charwell Basin. In addition, an analysis combining 
morphometry and stratigraphy on the Dillondale altered terrace should also provide insight 
into the complexities associated with loess landscape evolution on an active tectonic 
margin under changing climate regimes. It is hypothsised that specific critical curvature 
thresholds can be identified, below which loess mantles persist and above which loess 
mantles are eroded. 
 
The progressively older alluvial packages preserved in Charwell Basin as a result of offset 
along the Hope Fault display an increase in uplift-driven incision, relative relief and 
drainage density. Since these surfaces were all mantled with at least late Pleistocene loess, 
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Charwell Basin presents an ideal setting for investigating loess landscape evolution. The 
aim of this Chapter is to elucidate the geomorphic thresholds and mechanisms involved in 
the transition from a loess-mantled rolling landcape where net loess removal is less than 
deposition rate (Dillondale altered terrace) to a loess-free ridge and valley landscape where 
net loess removal equals deposition rate (Quail Downs altered terrace). The identification 
of such thresholds and processes will be key in explaining differences in loess preservation 
across morphologically similar South Island landscapes described above. There are three 
main objectives: 1) to characterise quantitatively the morphometry of all the major 
landforms, 2) to describe the extent, thickness and nature of the loess mantles of the 
respective landforms, with particular emphasis on the Dillondale terrace remnant and 3) to 
test whether morphometry can explain the absence/presence of loess when using a simple 
slope-dependent sediment tranport model parameterised in earlier studies. The 
reconstruction of late Quaternary loess-forming environments in Charwell Basin, based on 
pedogenesis data, and the chronological framework in which this occurred, are addressed 
in Chapter 3. The reconstruction of late Quaternary vegetation and climate based on 
interpretation of biogenic silica microfossils is addressed in Chapter 4. The relative rates of 
soil transport on the Dillondale terrace remnant between glacial and interglacial periods are 
addressed in Chapter 5. 
 
 
2.2 Methods 
 
2.2.1. Quantitative characterisation of landform morphometry 
The late Quaternary terraces and modified terraces in Charwell Basin were digitised from 
high resolution digital orthophotos and 1:50,000-scale digital topographic maps of the area 
using ESRI® ArcGISTM software, guided by the previous interpretations of Bull (1991) 
and Tonkin and Almond (1998). A 25 m resolution Digital Elevation Model (DEM) 
covering the area was used to derive Digital Terrain Models (DTMs) useful for 
quantitative characterisation of landforms using ArcGIS’sTM Spatial Analyst extension. 
Slope and curvature DTMs were derived for all terrace remnants using the Spatial Analyst 
algorithms based on those of Zevenbergen and Thorne (1987) and Moore et al. (1991). The 
curvatures used were combined profile and plan curvature values giving an overall 
description of landscape convexity and concavity. For the two oldest and most dissected 
terrace remnants (Dillondale and Quail Downs), flow accumulation DTMs were derived 
using the Spatial Analyst algorithms based on those of Jenson and Domingue (1988) and 
Tarboton et al. (1991). Using flow accumulation values of ≥100, drainage networks were 
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delineated in order to calculate drainage densities for each landform. Interfluve land 
elements are generally representative of remnants of initial terrace landforms, and their 
relative spatial extent is indicative of the erosional status of the landform as a whole. 
Interfluves were delineated using a combination of low slope (≤2°) and low flow 
accumulation (log flow accumulation ≤2) values, and percentage of terrace remnants 
comprising the landform was calculated. 
 
Slope profiles were measured in the field using a Trimble® RTK GPS unit to provide 
high-resolution illustrations of slope morphometric diversity within and between 
landforms. Lower-accuracy carrier phase differential GPS was also used for some slope 
transects. In order to characterise the initial state of terraces prior to significant landscape 
evolution, a ~400 m transect was made adjacent to the Charwell River, traversing the 
treads and risers of the Stone Jug, post Stone Jug terraces and the modern floodplain. Four 
transects judged to be representative of slope morphological diversity within each of the 
Dillondale and Quail Downs terrace remnants were made. Two adjacent Dillondale 
transects on a single ridge, one with a loess mantle and one without, were made in order to 
compare critical curvatures for maintenance/loss of loess. Profile data were projected on a 
common axis, and profile curvatures describing degree of convexity and concavity along 
each slope transect were calculated in 5 m intervals using a moving 10 m window from the 
second derivative of a second order polynomial fitted to the northing and easting x and z 
data. Twenty five metre DEM and profile curvature DTM data were extracted at the field 
transect locations for comparison.  
 
2.2.2. Loess mantle investigation 
Most of the loess mantle data used here are drawn from earlier field investigations of 
Charwell Basin. Tonkin and Almond (1998) and P. Tonkin (unpublished data) established 
that successively older terrace remnants are mantled by increasing loess thickness and 
numbers of loess sheets, except the oldest, Quail Downs, terrace remnant on which loess is 
absent (Table 2.1). The soil and loess stratigraphy on each of the terrace remnant 
landforms in the area was described by hand auger with soil horizon texture and colour 
described after Milne et al. (1995), and additional consistence and penetration criteria were 
used to identify key fragic horizons that characterise soil orders in this region (P.Tonkin, 
unpublished data). Using a deep cliff-side exposure on the Dillondale terrace as as means 
of calibrating key soil stratigraphic markers evident in auger borings, auger borings were 
used to map loess stratigraphic variation across the whole terrace. In the present study the 
loess mantle of the Dillondale terrace remnant is of particular interest as it represents an 
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intermediate stage between low-relief, less dissected terrace remnants with fewer loess 
sheets (e.g. Stone Jug, early and late Flax Hills terraces) and that of the Quail Downs 
which is characterised by higher relief, higher drainage density and no loess. Data from 
three auger transects on the Dillondale altered terrace, gathered in the course of earlier 
field investigations of Tonkin and Almond (1998) and Lincoln University field trips (P. 
Almond and P. Tonkin, unpublished data), are presented here. Slope morphometry on these 
auger transects was measured by dumpey level. Thirty-one separate auger observation 
points also gathered in the earlier studies were spatially referenced using the Trimble® 
RTK GPS unit, and were used to derive a map of alluvial terrace paleotopography and 
loess isopachs on the Dillondale remnant using an inverse distance weighting method in 
the Geostatistical Analyst extension of ArcGISTM.  
 
Regolith cover on the Quail Downs terrace remnant was characterised by three soil pit 
descriptions on interfluve positions P. Tonkin (unpublished data), along with one soil pit 
description on a colluvial gully deposit that included a single IRSL date at 0.75 m (P. 
Almond and J. Roering, unpublished data). Locations of soil pits, auger observation sites, 
gully transects and RTK GPS/25 m DEM slope transects are shown in Figure 2.3.  
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Figure 2.3. Locations of Dillondale terrace auger site locations and gully transects (GT), 
Quail Downs terrace remnant soil pits (S), and RTK GPS/25 m DEM slope transects (ST). 
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2.3 Results 
 
2.3.1. Morphological variation of the terrace remnants 
Aerial views of Charwell Basin terraces are presented in Figure 2.4. In the Charwell Basin 
the terrace remnant of greatest areal extent is the Stone Jug, followed by the Quail Downs, 
Dillondale, late Flax Hills, post stone Jug and early Flax Hills surfaces (Figure 2.5, Table 
2.1). The post Stone Jug terraces comprise relatively small areas of fill-cut and strath 
terraces immediately adjacent to the modern Charwell River. The Stone Jug terrace 
comprises a large area issuing from the range front and largely situated to the west of the 
modern Charwell River. The late and early Flax Hills terrace remnants comprise smaller 
areas within an ancestral channel of the Charwell River, lying between and abutting the 
margins of the Dillondale and Quail Downs remnants. The Dillondale and Quail Downs 
landforms comprise larger areas displaying increasing levels of stream dissection. 
 
 
Table 2.1. Areas (ha) and loess stratigraphy of the Charwell Basin terrace remnants. Also 
presented are landform age estimates from previous studies and this study (Chapter 3). 
Terrace 
Remnant 
Area 
(ha) 
Loess 
Sheets 
Maximum 
Loess Depth 
(m) 
Age (ka) 
Previous Studies 
Aggradation 
Culmination  (ka) 
This Study‡ 
post Stone Jug 76 None - <14* <11 
Stone Jug 691 Minor  0.4 26-14* ca. 14 
late Flax Hills 210 1 1.9 38-31* >50 
early Flax Hills 54 2 3.1 49-43* >95 
Dillondale 301 3 >8 MIS 6† >150 
Quail Downs 359 None 
- 
? ? 
* From Bull (1991) 
†
 From Tonkin and Almond (1998) 
‡
 Based on inferred ages of base of overlying loess sheets 
 
 
 
Analysis of 25 m DEMs and curvature DTMs shows overall similarities in mean slope and 
curvature values between landforms, although the oldest, Quail Downs, has the highest 
mean slope values (Figure 2.5). With the exception of the post Stone Jug and early Flax 
Hills remnants, whose extents in this analysis include terrace risers in the former and 
erosion scarps in the latter, the late Quaternary surfaces in Charwell Basin all display 
increasing frequencies of both steeper slopes and areas of convexity and concavity with 
terrace remnant age (Figure 2.5). The Stone Jug, late Flax Hills and Dillondale surfaces are 
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dominated by slopes <10° and by curvature values close to zero, reflecting their relatively 
undissected nature and mostly planar morphometry of both terrace tread remnants and 
slopes. Despite the apparent similarity in slope and curvature frequency distributions 
between the Dillondale and both the post Stone Jug and late Flax Hills remnants, the 
Dillondale has much greater local relief (~30 m) formed into its tread surface than the latter 
two. The Quail Downs remnant has clearly departed the most from its orginal extensive 
planar tread morpology and its steep slopes reflect its deeply incised nature. Although both 
the Dillondale and Quail Downs share relatively the same proportion of areas comprised of 
drainage network, the latter has overall greater local relief (up to 70 m in places). Despite 
its more dissected nature the Quail Downs apparently still retains some of its original tread 
morphology in its low gradient interfluve running along its north-south axis, although this 
original landform comprises a significantly smaller proportion of total area than the 
Dillondale, reflecting its greater age. The Quail Downs is also notable for its much higher 
frequency of both convex and concave landform elements.  
 
This overall pattern of increasing slope gradients and degree of curvature through time is 
also reflected by individual slope profiles (Figure 2.7). The Dillondale landform is 
comprised of many profile convexo-concave, generally rectilinear, planform slopes 
descending from broad interfluves. The Quail Downs landform has much longer slope 
lengths in general, and greater occurrence of concave slope elements than the Dillondale 
landform. This is evidence of significant soil and regolith transport and redistribution. 
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Figure 2.4. Aerial views of Charwell Basin. (a) View N into the mountainous catchment of 
Charwell River in the Seaward Kaikoura Range. (b) View N towards the Seaward Kaikoura 
Range, showing the Charwell River, Stone Jug (SJ) and post Stone Jug (pSJ) alluvial 
terraces. (c)  Gullying on the Stone Jug terrace. (d) View N showing the Dillondale (DD), late 
Flax Hills (eFH), Stone Jug (SJ) and post Stone Jug terraces. (e) View NE across Quail 
Downs, Dillondale and Stone Jug surfaces. (f) Dillondale surface. (g) No loess and loess 
transects on Dillondale surface (see Figure 2.8a).  (h) Quail Downs surface. (i) Quail Downs 
slopes and gullies, with location of soil pit Sb indicated (see Table 2.3 and Figure 2.13). 
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Figure 2.5. (a) Late Quaternary surfaces in Charwell Basin, underlain by a shaded relief 
model of the area. Location of near-river transect (T) also shown (see Figure 2.6). Fault data 
from Rattenbury et al. (2006). (b)  Mean (± 1 SD)  slope and curvature values for Charwell 
Basin late Quaternary surfaces, derived from a 25 m DEM. 
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Figure 2.6. Slope and curvature frequency distributions for the post Stone Jug (a, b), Stone 
Jug (c, d), late flax hills (e, f), early Flax Hills (g, h), Dillondale (i, j) and Quail Downs (k, l) 
terrace remnant landforms in Charwell Basin. All values derived from a 25 m DEM. 
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The RTK GPS profile adjacent to the Charwell River shows that the Stone Jug surface is 
nearly horizontal and has essentially zero curvature, and a margin that descends convexly 
to the post Stone Jug surface below, which also has low curvature values and appears to be 
comprised of two surfaces (Figure 2.7). The Charwell River floodplain is 40 m below the 
post Stone Jug surface and although having mostly low curvatures, exhibits undulations 
associated with the channel and bar microtopography of the braided river channel. 
 
The selected profiles for the Dillondale and Quail Downs landforms illustrate the diversity 
of slope morphology within and between these two altered terrace landforms (Figure 2.8). 
The two adjacent ridge transects on the Dillondale terrace display superficially similar 
profiles, but the ridge segment with no loess mantle (Figure 2.8a(ii)) displays higher 
convexity values than the loess-mantled ridge segment (Figure 2.8a(i)). The Dillondale 
sideslope displays both convex and concave curvatures (Figure 2.8a(iii)), and the nose land 
element displays dominantly convex curvature along its length (Figure 2.8a(iv)). The Quail 
Downs profiles represent a north-south series of transects along ~800 m of the altered 
terrace (Figure 2.2). These nose land elements display concave convex morphology, with 
transects 2.8b(ii) and 2.8b(iv) showing distinct breaks in slope. DEM and profile curvature 
DTM transects (Figure 2.8a(iii, iv), b) exemplify the extreme smoothing resulting from 
DEM interpolation. With few exceptions the DEM under- and over- estimates landscape 
elevation and removes landscape profile curvature evident in the RTK GPS data. 
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Figure 2.7. Slope profile and curvature for terraces adjacent to the Charwell River. See 
Figure 2.5 for transect location. 
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Figure 2.8. Slope transects for (a) Dillondale and (b) Quail Downs landforms. For each 
transect, except 2.8a (i, ii), RTK GPS and 25 m DEM slope profiles and curvatures are 
presented. Critical curvatures also shown (see Section 2.4.2). 
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The Quail Downs altered terrace has significantly less interfluve area in comparison to the 
Dillondale (10% versus 30%), although both have approximately the same drainage 
density (Figure 2.9, Table 2.2). Local relief for the Dillondale and Quail Downs altered 
terraces is 100 m and 201 m, respectively. 
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Figure 2.9. Spatial distribution of interfluves and drainage for the Dillondale and Quail 
Downs altered terraces. 
 
 
Table 2.2. Interfluve and drainage areas for the Dillondale and Quail Downs altered terraces. 
Terrace 
Remnant 
Total Area 
(ha) 
Interfluve 
Area % 
Other Areas % 
(Sideslopes & Gullies) 
Drainage Density 
(m ha-1) 
Dillondale 301 30 70 71 
Quail Downs 359 10 90 66 
 64 
2.3.2. Loess stratigraphy in Charwell Basin and paleotopography of the Dillondale terrace 
remnant 
Pleistocene glacials are periods of fast loess accumulation (Pillans, 1994; Palmer and 
Pillans 1996), and synchronicity of cold climate river aggradation and loess accumulation 
is supported by tephrochronology and numerical ages (Milne, 1973a, b; Litchfield, 2003). 
Accordingly each loess sheet on Charwell Basin terrace landforms, as documented by 
Tonkin and Almond (1998), can be interpreted as corresponding to a contemporaneous 
alluvial aggradation event. The general pattern of loess mantle distribution on the different 
Charwell Basin terrace remnants was described by Tonkin and Almond (1998), and is 
presented in Table 2.1. The Stone Jug terrace is mantled by a thin layer of what Tonkin and 
Almond (1998) refer to as minor loess which may include some overbank sediment. The 
late Flax Hills terrace has one loess sheet (L1), and the early Flax Hills terrace has two 
loess sheets (L1+L2). The Dillondale terrace is mantled by three loess sheets (L1+L2+L3). 
Bull (1991) presented an aggradation chronology for the Stone Jug, early and late Flax 
Hills alluvial deposits based on radiocarbon data, which also provided a potential 
chronology for the loess deposits. However, as described in Chapter 3, Bull’s (1991) 
chronology is rejected here and an alternative chronology is presented based on a 
Dillondale terrace gully infilling rate (Chapters 4 and 5) and timing of high clastic 
sediment accumulation rates from DSDP site 594 east of South Island (Barrows et al., 
2007). This new chronology is presented in Table 2.1 and Figure 2.5. L3 corresponds to an 
aggradation event subsequent to that of the Dillondale aggradation. The Quail Downs 
terrace has no loess mantle, although it presumably did so in the past considering its close 
proximity to other loess-mantled surfaces to the east and the Charwell River itself. 
 
Loess auger sites on the Dillondale terrace occur mostly on interfluves or low gradient 
slopes. The loess mantle varies considerably in thickness from 0.5 m to >8 m. Loess is 
thickest where all three loess sheets are preserved, whereas thinner loess deposits are 
consistently comprised of L1 alone (Figure 2.10). Although limited by density of data 
points, interpolation by inverse distance weighting illustrates considerable short-scale 
spatial heterogeneity in loess mantle thickness, and no consistent pattern of variation 
across the Dillondale landform is evident (Figure 2.11b). 
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Figure 2.11. Loess thickness isopachs (b)  and alluvium surface elevation (c) on the Dillondale 
terrace remnant. 
 
 
When all auger observation sites are projected on to a north-south line, the elevation of 
Dillondale alluvium shows two distinct levels (Figure 2.10). Contouring of the alluvium 
surface (Figure 2.11c) suggests a boundary consistent with a terrace riser relating to a 
lower fill-cut terrace cut by the ancestral Charwell River flowing around the higher 
remnant. Within the higher remnant there is considerable variation in the gravel surface, 
and the greater consistency in gravel elevation on the lower surface suggests less post-
fluvial modification. There is considerable variation in loess mantle thickness and 
preservation of loess sheets on both gravel surfaces. The presence of L3 on both the higher 
and lower part of the Dillondale indicates the fill-cut terrace was formed before L3 
accumulated. The distributed but localised occurrence of only L1 on both the higher and 
lower sections of the Dillondale suggests significant erosion prior to L1 accumulation. 
Gully transect 1 (Figure 2.12a) indicates development of extensive gullying prior to L2 
deposition, the subsequent inactivity permitting L2 and L1 accumulation. Gully transect 2 
(Figure 2.12b) contains a colluvial fill coeval with L1 (see Chapter 4), indicating active 
gullying sometime after L2 which stopped prior to L1 accumulation. In gully transect 3 
(Figure 2.12c), the lower gravel elevation on the true left of the gully which is mantled 
with fewer loess sheets suggests initial post-L3 fluvial erosion. The locus of incision 
shifted subsequent to L2 and L1 accumulation, and the surface thalweg profile suggests 
incision is again active. 
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Figure 2.12. Loess stratigraphy and underlying gravel surface in three selected transects on 
the Dillondale terrace remnant, illustrating the nature of the loess-mantled landscape. CF = 
colluvial fill. Transect locations shown in Figure 2.3. 
 
 
2.3.3. Quail Downs soil and regolith mantle 
Four soil pits on the Quail Downs terrace remnant show that it has no loess mantle, and 
modern soils have formed directly into weathered greywacke alluvium (Table 2.3). Three 
soils (Sa, Sc and Sd) are situated on interfluve and ridge positions, and are dominantly 
comprised of gravelly material. Profile Sb was excavated in a colluvial fill in the head of 
the gully on the western flank of the Quail Downs remnant (Figure 2.13). The fill was 
clayey gravel indicating that the most recent episode of gully infilling was derived from 
underlying Quail Downs gravels. An IRSL age of 6250 ± 400 yr BP at 0.75 m depth 
suggests infilling commenced mid Holocene, or, acknowledging a tendency for IRSL to 
underestimate depositional age (see Chapter 3), possibly early Holocene.  
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Table 2.3. Soil profile descriptions for Quail Downs terrace sites. See Figure 2.3 for locations. 
 
Sa Horizon Depth (cm) Description 
 Ah 0-26 Silt loam; 10YR 3/3 (dark brown). 
 Bw1 26-55 Slightly gravelly (subrounded, highly weathered) silt loam; 
10YR 5/5 (yellowish brown ). 
 Bw2 55-75 Slightly gravelly (subrounded, moderately-highly weathered) silt 
loam; 10YR 5/7 (yellowish brown). 
 Bg 75-90 Moderately gravelly (subrounded, moderately-highly weathered) 
silt loam; 10YR 6/4 (dull yellow orange); Mottles 10YR 6/8 
(bright yellowish brown). 
    
Sb Horizon Depth (cm) Description 
 Ah 0-34 Very gravelly silt loam; 10YR 3/2 (very dark greyish brown); 
weak soil strength, moderate fine nutty and granular structure; 
many moderately and highly weathered subround gravels. 
 A/B 34-50 Very gravelly silt loam; 10YR 3/2 (very dark greyish brown) 
and 2.5Y 5/3 (greyish brown to light olive brown); weak soil 
strength, brittle failure, strong fine and medium blocky structure; 
abundant moderately and highly weathered subround gravels. 
 Bw1 50-72 Gravelly clay loam; 2.5Y 6/4 (light yellowish brown); weak soil 
strength, brittle failure, moderate fine nutty structure; many 
moderately weathered subround gravels. 
 Bw2 72-100 Very gravelly clay loam; 2.5Y 5/4 (light olive brown); slightly 
firm soil strength, brittle failure, moderate fine and medium 
blocky and fine granular structure; many highly weathered 
subangular gravels. IRSL date at 75 cm 6250 ± 400 yr. 
 2BCt 100-130 Very gravelly clay loam; 2.5Y 5/4 (light olive brown); slightly 
firm soil strength, brittle failure, moderate fine and medium 
blocky structure; many patchy 10YR 4/4 (dark yellowish brown) 
clay coatings; abundant moderately and highly weathered 
subround and subangular gravels. Gravels tightly bound and 
partly matrix-supported. Thin clay coats concentrated on clast 
surfaces. 
 2C 130-180 Very gravelly clay loam; 2.5Y 5/4 (light olive brown); slightly 
firm soil strength, brittle failure, moderate fine blocky structure; 
many continuous 10YR 4/4 (dark yellowish brown) clay 
coatings; abundant highly weathered subround and subangular 
gravels. Gravels tightly bound. Thin clay coats concentrated on 
clast surfaces. 
    
Sc Horizon Depth (cm) Description 
 Ah 0-30 Clay loam; 10 YR 3/2 (brownish black). 
 Br 30-150 Clay; 2.5Y 6/1 (yellowish gray); Moderately abundant, medium, 
distinct mottles 7.5YR 5/6 (bright brown). 
 2Br 150-240+ Slightly gravelly (highly weathered) gritty clay; 10G 5/1 
(greenish gray). Moderately abundant, medium-large, distinct 
mottles 7.5YR 5/8 (bright brown), 10YR 4/6 (brown) 
    
Sd Horizon Depth (cm) Description 
 A 0-24 Highly weathered, slightly silty subrounded gravels and stones; 
strongly developed fine nutty structure; semideformable; clear, 
smooth boundary; 10YR 3/2 (brownish black). 
 AB 24-37 Highly weathered, moderately silty subrounded gravels and 
stones; strongly developed fine nutty structure; weak 
consistence; clear, irregular boundary; 10YR 6/4 (dull yellow 
orange). 
 Bw 37-80 Very stony and bouldery (very strongly weathered, subrounded) 
silt loam; moderately developed fine nutty structure; weak 
consistence; 10YR 5/6 (yellowish brown). 
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Figure 2.13. Slope profile and curvature for a Quail Downs gully, with location of soil pit Sb 
(Table 2.3) indicated. Critical curvatures also shown (see Section 2.4.2). See Figure 2.3 for 
location of pit Sb. 
 
 
2.4. Discussion. 
 
2.4.1. Dillondale terrace paleotopography and loess mantle evolution 
The Dillondale terrace has the thickest loess mantle of all Charwell Basin landforms, and 
thus is of interest in characterising loess-landscape evolution. It is clear from auger 
observations and gully transects that the loess mantles a pre-existing topography formed 
into the Dillondale alluvium. This is shown by L3 mantling alluvium surfaces at distinctly 
different elevations (420 ± 5 m, 405 ± 5 m). As illustrated by the Stone Jug terrace, the 
original alluvial fan likely had a planar morphology. Subsequent fluvial erosion truncated 
the southern part of the Dillondale alluvial package to form fill-cut terraces analogous to 
the post Stone Jug fill-cut terraces adjacent to the modern Charwell River channel. 
Superimposed on this significant alteration of the original alluvial package is finer-scale 
topographic variation in the gravel surface related to either original floodplain relief or pre-
L3 gullying. The occurrence of L2 in a gully (Figure 2.12a) certainly demonstrates 
gullying prior to this particular accumulation episode, and stabilistion of the gully coeval 
with it. As will be shown in Chapters 3 and 4, the colluvial gully fill of Transect 2 (Figure 
2.12b) accumulated coevally with L1 from ca. 50 ka. This shows that whatever gully 
evacuation processes were occurring during L2 accumulation at this site were not re-
initiated during the time of L1 accumulation. 
 
Assuming there was little spatial variation in loess deposition rates across the Dillondale 
terrace, the spatial heterogeneity of loess sheet preservation and thickness represents a 
transient loess mantle resulting from different erosion rates at different times and at 
different places. The fact that in many places L2 and L3 are no longer preserved indicates 
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sufficient time and and/or slope development for erosion either coevally with, or 
subsequent to, loess deposition, and variations in L1 thickness clearly demonstrate similar 
spatial and temporal variablity in erosion process since ca. 50 ka. In summary, the 
Dillondale terrace loess largely mantles and mirrors a pre-existing landscape, with gully 
incision persisting in some areas while loess continued to accumulate in others. This 
emphasises that the loess-mantled Dillondale terrace is a highly transient landform in 
which accumulation and erosion processes have continuously interacted and shifted in 
intensity to produce the current landscape. 
 
2.4.2. Coupled landform geomorphic and loess mantle evolution in Charwell Basin 
As discussed by Goossens (1988, 2001), Mason and Knox (1997) and Mason et al. (1999), 
landform morphometry plays a key role in whether loess deposition leads to subsequent 
accumulation or erosion. The present study clearly shows that the Stone Jug, late and early 
Flax Hills terrace tread remants with low gradient and close to zero curvature are able to 
retain loess subsequent to deposition. The Dillondale remnant is clearly more dissected and 
has significant local relief compared to the younger surfaces, yet still retains a significant 
loess mantle largely mirroring the underlying dissected paleolandscape. The even more 
dissected Quail Downs still retains relatively flat interfluve areas, but even on these loess is 
completely absent. Clearly there is a transition or threshold point, possibly morphometric, 
that leads to complete erosion of the loess mantle and prevents further loess accumulation. 
What is that point, and what processes are involved? 
 
Roering et al. (2002, 2004) showed that erosion rates on the Dillondale terrace are 
determined by local curvature. Sediment flux, qs (m3 m-1 yr-1) varies proportionally with 
hillslope gradient (in one dimension) as 
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This relationship shows that erosion is proportional to local hillslope curvature (Roering et 
al., 2002). Roering et al. (2004) went on to show that slope evolution on part of the 
Dillondale remnant is most likely driven by fluctuating erosion rates dependent on shifting 
vegetation communities responding to glacial and interglacial climate conditions. In this 
scenario, vegetation is the medium through which climate signals are filtered to influence 
landform evolution: under glacial grassland systems there are relatively low rates of soil 
transport, whereas under interglacial forest systems there are higher rates of soil transport 
via bioturbation- and disturbance-driven (e.g. tree throw due to seismic shaking and wind) 
diffusive processes. Roering et al. (2004) demonstrated in a series of simulations that the 
recticlinear morphometry characteristic of loess sheets overlying terrace treads and gully 
scarps can evolve in 10 ky to convex curvilinear forms under increased interglacial soil 
transport rates, and that a modelled interglacial soil transport rate constant of 0.016 m2 yr-1 
produced a convex slope profile similar to that observed in the field. In the present context, 
once this convex morphometry is attained it will then strongly control subsequent loess 
erosion and accumulation.  
 
Critical curvature (CC) for complete erosion of of a given thickness of loess (H) can be 
estimated using the transport rate constants of Roering et al. (2002, 2004) and those 
calculated in Chapter 5 from rates of gully infilling, along with timing of onset of loess 
sheet accumulation and total depth of loess accumulated. The CC is derived according to  
 
 
TKTK
H
C
HHLPLP +
−=C  (2.3) 
 
where H is loess depth (m), KLP and KH are transport rate constants for the late Pleistocene 
and Holocene, respectively, and TLP and TH are the relevant late Pleistocene (39 kyr) and 
Holocene (11 kyr) durations since onset of deposition of L1 (see Chapter 3). Transport rate 
constants, time spans and calculated CC  are presented in Table 2.4. 
 
Table 2.4. Critical curvatures (CC) for removal of L1 by erosion, calculated from previous 
estimates of soil transport coefficients K (m2 yr-1) and results presented in Chapter 5, as well 
as late Pleistocene (39 kyr) and Holocene (11 kyr) durations. CC values are presented with 
slope profiles in Figures 2.8 and 2.13. 
Source of K value KLP TLP  KH TLP  L1 depth (m) CC 
Roering et al. (2002) 0.000 39 0.012 11 1.8 -0.014 
Roering et al. (2004) 0.001 39 0.016 11 1.8 -0.008 
Chapter 5 0.007 39 0.011 11 1.8 -0.005 
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The combined late Pleistocene and Holocene CC, derived from Roering et al. (2002, 2004) 
and analyses presented in Chapter 5, vary from -0.014 to -0.005 depending on the 
combination of K values used. When plotted on slope and curvature profiles (Figure 2.8), 
the CC indicates those landscape elements where loess can be expected to persist if 
curvatures are greater (less negative) than the CC values, and from where it would have 
been stripped (curvatures are less (more negative) than the CC values). On the Dillondale 
terrace ridge profile mantled with L1 the CC of -0.014 best predicts the maintenance of 
loess, whereas the CC of -0.008 and -0.005 predict loess stripping across much of the 
interfluve and shoulder slopes (Figure 2.8a(i)). On the ridge section with no loess, the CC 
of -0.005 is in fact the best predictor of loess absence, with CC of -0.008 also presenting a 
suitable threshold value (Figure 2.8a(ii)). For the Dillondale slope and curvature profile 
shown in Figure 2.8a(iii), the CC of -0.014 predicts primary loess on the interfluve and 
upper shoulder slope where it is known to occur (Tonkin and Almond, 1998), whereas the 
other CC values suggest the landscape is too convex for loess to persist. All three CC values 
correctly predict occurrence of the loess mantle on the dominantly convex slope in Figure 
2.8a(iv). These results suggest no one CC value is valid for predicting loess maintenance or 
erosion across the geomorphic diversity of the Dillondale terrace landform, and that these 
simple geomorphic parameters are unable to capture the complexity of processes 
underpinning loess mantle evolution. 
 
As illustrated by soil morphology, there is now no loess mantle on the Quail Downs 
landform (Table 2.4). However, all three derived CC values predict persistence of L1 on the 
interfluve/upper shoulders of the Quail Downs RTK GPS slope profiles (Figure 2.8). These 
profiles do not, however, account for the significant planform curvature in the Quail 
Downs ridge and valley terrain which is largely absent on the Dillondale terrace. 
Comparison of a 25 m planform curvature DTM of the Dillondale and Quail Downs 
terraces shows the latter having a wider range of convexity and concavity values than the 
former (Figure 2.14), and this may play a key role in controlling loess erosion. However, 
the 1-dimensional profile transects analysed here are unable to address this possibility. The 
evident stripping of loess from the most convex portions of the Quail Downs slopes 
implies that the current source of colluvium is the weathered gravel regolith, which is 
being deposited in gully fills (Table 2.3, profile Sb). The absence of fine-textured colluvial 
fills indicates that all loess material had already been transported from slopes by ~6 ka.  
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Figure 2.14. Planform curvature of Quail Downs and Dillondale landforms, derived from a 
25 m DEM of the area. 
 
 
The prediction of loess occurrence on Quail Downs based on slope morphometry where it 
is in fact absent highlights, as with the Dillondale landform, that these geomorphic 
parameters are unable to completely capture the processes determining loess mantle 
evolution. A more sophisticated analysis incorporating higher-resolution planform 
curvature data may show that sufficient curvature exists so that absence of loess is broadly 
consistent with the thresholds identified in this work. However, it is possible that 
geomorphic parameters alone may be insufficient to explain loess mantle evolution in 
Charwell Basin. Intrinsic thresholds within loess mantles and regolith, such as degree of 
soil porosity or plugging of weathered alluvium, may control erodibility but are unable to 
be represented geomorphically. Other factors may be the interplay between the width of  
Quail Downs ridge and wind turbulence, and the nature of dust-trapping vegetation at the 
site (Trainer, 1961; Goossens, 1988; Tsoar and Pye, 1987; Pye, 1996). 
 
The above considerations highlight the considerable complexity of loess landscape 
evolution in Charwell Basin. As alluvial terrace landforms morphologically evolve from 
rectilinear to more dissected landforms with greater curvature with progressive fluvial 
dissection, their tendency to accumulate and retain loess mantles also changes. There is 
therefore a tightly coupled coevolution of landform and loess mantle and, when certain 
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critical curvatures are reached, erosional processes persist. As mentioned above, however, 
geomorphic controls alone may not completely explain loess landscape evolution. As 
proposed by Roering et al. (2004), prevailing climatic conditions may exert a powerful 
control on soil transport rates, largely via the influence of floralturbation processes. The 
landforms of Charwell Basin are perhaps subject to pulses of more intense soil transport 
under forested interglacial conditions, and more quiescent glacial periods when soil 
transport occurs under more open forest or shrubland/grassland mosaics, accompanied by 
glacial loess deposition and accumulation on favourable landforms elements. This complex 
interplay between process rate, morphometry, and loess deposition rates may make 
prediction of loess mantle persistence very difficult from morphometric parameters alone. 
 
2.4.3. Extending quantitative loess landscape analysis to other South Island areas 
The analyses presented here show that while a 25 m resolution DEM can characterise 
broad changes in landscape morphometry, it is insufficient to investigate fine-scale 
morphometric thresholds important in the maintenance or erosion of loess mantles. The 
high-resolution RTK GPS surveys conducted in this study were useful for identifying such 
thresholds, although as stated above the incorrect prediction of loess occurrence on 
evidently erosional landforms requires further analyses to resolve this inconsistency. 
Despite the national coverage of the 25 m DEM, high-resolution surveys must be 
employed in areas outside of Charwell to advance understanding of key morphometric 
thresholds in loess landscape evolution. As higher-resolution DEMs become available in 
New Zealand, these will enable more sophisticated region-wide analyses, but will most 
likely need to be complemented by detailed field studies. 
  
 
2.5 Conclusions 
 
This is the first study in New Zealand’s South Island specifically focussed on loess 
landscape evolution in such an active tectonic setting, and Charwell Basin presents an ideal 
case study of loess landscape evolution on alluvial terrace remnants horizontally 
translocated from their source catchment areas and progressively uplifted and dissected. 
While each alluvial aggradation event differed in prevailing climatic conditions and river 
position, which resulted in differences in volume and configuration of sediment deposited, 
alluvial surfaces of each, subsequent to river abandonment, would have shared rectilinear 
morphometries as an initial state, enabling the elucidation of morphological change 
through time on different aged surfaces.  
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The alluvial terrace remnants in Charwell Basin show clear trends in morphological and 
loess mantle evolution with time. The late Pleistocene Stone Jug has relatively low 
gradient and relief compared to older surfaces and is blanketed by minor loess most likely 
generated subsequent to river abandonment. The older late and early Flax Hills remnants 
are much smaller in spatial extent due to either smaller volumes of sediment deposited or 
significant fluvial reworking of terrace gravels. They are blanketed by one and two loess 
sheets, repectively, and the former especially is still characterised by low gradients and 
curvature. The Dillondale remnant is notable for its significant loess mantle comprised of 
three loess sheets, which essentially mirrors the paleotopography of the underlying 
alluvium but with alteration. The paleotopography suggests the Dillondale remnant was 
formed by multiple alluvial aggradation/degradation events, with subsequent gullying both 
prior to and coeval with loess accumulation. There is considerable spatial heterogeneity in 
loess mantle thickness and numbers of loess sheets present across the Dillondale, 
indicating a complex history of accumulation and erosion. Compared to younger remnants, 
the Dillondale has greater relief and significantly larger areas of convex (erosional) and 
concave (accumulating) slope elements, although gullies show varying degrees of infilling 
and evacuation. The oldest alluvial terrace remnant in Charwell Basin, the Quail Downs on 
which loess is absent, is also the surface with greatest relief, steepest slopes and smallest 
areas of remaining terrace tread surfaces. Critical curvatures of -0.005 to -0.014 on 
erosional slope elements represent a threshold range for the preservation or erosion of late 
Pleistocene loess on the Dillondale remnant, but this range incorrectly predicts loess 
preservation on the Quail Downs where there is none. This is probably due to planform 
curvature not being included in the analyses presented here. More research is required to 
characterise different soil transport processes between the Quail Downs and Dillondale 
surfaces through alternating glacial and interglacial climate conditions, and to better 
pinpoint critical morphometric parameters and thresholds pertinent to the maintenance or 
loss of loess mantles. As higher-resolution DEMs of New Zealand become available, more 
sophisticated region-wide analyses of loess landscape evolution will be feasible, 
complemented by detailed field studies. 
 
The loess landscape of Charwell Basin is the result of a complex interaction of tectonic 
uplift and translocation, loess deposition and slope morpological evolution, and climate 
change. In order to better understand the influence of past environments on modern 
landscapes, a closer focus on the timing and environments of loess mantle formation is 
required, along with the contemporaneous vegetation communities. These are addressed in 
Chapters 3 and 4, respectively. The interplay of climate-controlled vegetation change and 
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soil transport and its implications for landscape evolution is of significant interest, and is 
addressed in Chapter 5. 
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Chapter 3 
 
Reconstructing late Quaternary environmental change in 
Charwell Basin, South Island, New Zealand – Part 1: 
Loess stratigraphy, pedogenesis and chronology 
 
 
3.1. Introduction 
 
3.1.1. General Introduction 
Accurate paleoenvironmental reconstructions play an essential role in calibrating and 
testing models of past and future shifts in Earth’s climate and terrestrial ecosystems. 
Conditions from the Last Glacial Maximum (LGM - defined by Mix et al. (2001) as the 
period spanning 23,000 to 19,000 yr BP) through the subsequent Last Glacial Interglacial 
Transition (LGIT) represent the most recent significant non-anthropogenic shift in Earth’s 
climate system, and accordingly have been the focus of global reconstructions of changing 
climate regimes, biome distributions and carbon storage (e.g. CLIMAP, 1976; 1981; 
Prentice et al., 1993; Otto et al., 2002; Köhler and Fischer, 2004). Recognising and dating 
accurately past climate events are also critical for establishing whether interhemispheric 
climate teleconnections are primarily atmospheric (e.g. Denton et al., 1999; Kaplan et al., 
2004) or via the marine thermohaline conveyor (e.g. Lowell et al., 1995). Southern 
Hemisphere (SH) paleoenvironmental records are critical to addressing these questions 
(Denton and Hendy, 1994; Broecker, 1997; Denton et al., 1999). Recent work on the 
initiation, duration and climatic characteristics of the LGM and a climatic reversal in the 
last glacial-interglacial transition have highlighted differences between SH and northern 
hemisphere (NH) paleoclimate. An Australasian INTIMATE (INTegration of Ice-core, 
MArine and TErrestrial records) group is presently developing a climate event stratigraphy 
to provide a framework from which hypotheses of SH climate systems processes 
responsible for the events may be generated and ultimately tested (Alloway et al., 2007).  
 
One of the fragmentary Quaternary terrestrial records identified by the New Zealand 
INTIMATE group as important for paleoenvironmental reconstruction is loess deposits. 
Loess is one of the most extensive Quaternary deposits in the South Island of New Zealand 
(Alloway et al, 2007; see Eden and Hammond, 2003 and Schmidt et al., 2005 and 
references therein) and potentially contains a rich record of late Quaternary 
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paleoenvironments. Loess occurs mostly on late Pleistocene or older river terraces and 
marine benches, and also constitutes the dominant soil parent material on many South 
Island hills and lowlands downwind of river floodplains (Eden and Hammond, 2003). It is 
now accepted that Pleistocene glacials are periods of fast loess accumulation (Pillans, 
1994; Palmer and Pillans 1996), and  in the North Island of New Zealand synchronicity of 
cold climate river aggradation and loess accumulation is supported by tephrochronology 
and numerical ages (Milne, 1973a,  b; Litchfield, 2003). Many South Island loess deposits 
are comprised of multiple loess sheets, the upper and lower surfaces of which are defined 
by modern and buried soils, identified through soil morphology and chemistry (e.g. Young, 
1964; Bruce, 1973a, b; Griffiths, 1973; Runge et al., 1974; Tonkin et al., 1974; Almond et 
al., 2001). Each loess sheet is assumed to represent an individual glacial period of high 
Mass Accumulation Rate (MAR) and pedogenesis by soil upbuilding, and intervening 
paleosols represent low to negligible MAR and top-down pedogenesis in warmer, more 
humid interglacials and interstadials (Tonkin and Basher, 1990; Almond and Tonkin, 
1999). 
 
Presented below are brief reviews of the key chronological methodologies – 
tephrochronology and luminescence dating – used for dating Charwell Basin loess deposits 
in this chapter. This will be followed by a more detailed treatment of loess stratigraphy in 
South Island, emphasising the application of numerical methods used in previous studies to 
place loess sheets into the wider late Quaternary chronological framework. A brief review 
on phosphorus analysis for identification of paleosols and pedogenic interpretation is also 
presented. 
 
3.1.2. Tephrochronology 
As defined by Lowe and Hunt (2001), tephras are the explosively-erupted, airborne, 
unconsolidated pyroclastic products of volcanic eruptions. An individual tephra layer has 
the same age wherever it occurs unless reworked, and once mineralogically and 
geochemically characterised, provides a time-parallel stratigraphic marker bed or isochron 
(Lowe et al., in press). Tephrochronology is the use of tephra layers as isochrons to 
correlate sequences in different places by providing precise chronostratigraphic tie-points, 
and to transfer numerical ages to such sequences where the tephras have been dated by 
radiometric, incremental or age-equivalent dating methods (Alloway et al., 2006). In the 
study of late Quaternary climate events, tephrochronology has proved crucial in the 
correlation of terrestrial, marine and ice core records and serves as an independent test of 
chronologies developed using other methods (Turney et al., 2004, 2006, Newnham et al., 
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1999, Alloway et al., 2007, Lowe et al., in press). In New Zealand, North Island late 
Quaternary volcanism has produced many widespread silicic tephras that are proving to be 
an integral part of the NZ-INTIMATE chronological framework for climate events 
(Froggat and Lowe, 1990; Eden et al., 1992; Alloway et al., 2005; Lowe et al., submitted).  
 
Comprehensive geochemical fingerprinting of tephras is essential for chronostratigraphic 
correlation. Various methods have been used to characterise tephra composition including 
X-ray fluorescence, instrumental neutron activation analysis and inductively coupled 
plasma mass spectrometry (ICP-MS; Turney et al., 2004). However, laser ablation ICP-MS 
and electron microprobe analysis (EMA) provide much higher analytical precision than 
these other methods. The use of EMA has dominated tephrochronological studies in New 
Zealand, and this is the method used for tephra characterisation in this study. Turney et al. 
(2004) presented a comprehensive critique of the advantages and disadvantages of EMA, 
and the following two paragraphs are modified from their discussion. 
 
The electron microprobe uses energy dispersive spectrometry or wavelength dispersive 
spectrometry to measure variations in the concentration of the oxides of the major elements 
within individual tephra shards. Wavelength dispersive spectrometry is the preferred 
method because it enables the relative importance of each major oxide to be monitored 
individually during analysis. Results obtained using EMA are reported as percentages of 
sample weight. The total analysis rarely reaches 100% due to inaccuracies introduced 
during sample preparation, variations in shard characteristics (e.g. thickness and structure 
of shards walls, which alter susceptibility to impurities, including the mounting medium), 
the presence of trace amounts of other elements, and most importantly, the water content of 
the shards (Froggatt, 1983; Hunt and Hill, 1993). To standardise comparisons between sets 
of analyses produced by different laboratories, therefore, it has been recommended that all 
geochemical data be normalised to 100% (Froggatt, 1992), partly because Froggatt (1983) 
had demonstrated that differences from 100% were similar to gravimetric weight loss when 
heating to 1000°C. Hunt and Hill (1993), however, argued that no adjustment of the 
original measures should be undertaken and that all samples yielding oxide measure totals 
of less than 95% be rejected, because the variance of the values obtained for individual 
oxide measures remains insufficiently small to be reliable. While data normalisation is 
widely undertaken by New Zealand and North American tephrochronologists (e.g. Shane, 
2000; Westgate et al., 2001; Shane and Hoverd, 2002; Newnham et al., 2003), Stokes and 
Lowe (1988) demonstrated through discriminant function analysis that the use of raw, 
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normalised or otherwise transformed data made little difference in correctly assigning 
tephra shards to their volcanic source. 
 
Electron microprobe analysis of individual glass shards is problematic despite being a 
relatively sophisticated technique. Interlaboratory comparisons have shown that much 
more exacting standardisation procedures are needed to generate comparative data of 
adequate statistical rigour (Hunt and Hill, 1996, 2001), because inaccuracies can be 
introduced through differences in the laboratory procedures and standards used. 
Furthermore, post-depositional alteration of glass shards can occur, through hydration and 
alkali exchange (Shane, 2000), processes that are dependent upon the duration of any 
subaerial exposure and differences in depositional environment (Dugmore et al., 1992). 
Hence, even the detailed examination of major oxide content by electron microprobe may 
not distinguish between successive tephra layers that have emanated from the same 
volcanic source, the application of powerful discriminant statistical methods 
notwithstanding (e.g. Stokes et al., 1992; Cronin et al., 1997). Finally, studies of tephras in 
New Zealand have shown that major element compositions are not homogeneous in some 
rhyolitic types, but rather comprise several distinct populations (e.g. Eden et al., 2001; 
Shane and Hoverd, 2002; Newnham et al., 2003; Shane et al., in press). Once determined, 
such compositional variations actually enhance the potential for correlation, by providing 
additional criteria to guide geochemical fingerprinting (Shane, et al., 2003). However, it 
should be emphasised that the sampling of small numbers of tephra shards increases the 
likelihood of including outliers, which can complicate tephra identification. 
 
The key late Quaternary tephra identified and used in this study as a primary isochron is 
the Kawakawa/Oruanui tephra. The name Oruanui refers to the eruptive event itself and 
proximal pyroclastic and tephra deposits (Wilson, 2001). Associated distal deposits have 
been variously labelled the Aokautere Ash and Kawakawa Tephra, but Kawakawa appears 
to be the most commonly used term. The combined term Kawakawa/Oruanui tephra 
(KOT) referring to the eruptive event and associated proximal and distal deposits has 
recently come into parlance (Lowe et al., in press) and this is the terminology used 
throughout this study. 
 
The KOT is what Wilson (2001) referred to as an archetypal large-scale “wet” explosive 
eruption resulting from the interaction between silicic magma and external water, in this 
case Lake Taupo in the Taupo Volcanic Zone, North Island. Approximately 1200 km3 of 
material was erupted (Lowe et al., in press) in what is one of the largest documented 
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eruptions in the last 250,000 years (Wilson, 2001), exceeded only by the youngest Toba 
eruption in Indonesia 74 ka (Rose and Chesner, 1987). The Oruanui eruption greatly 
impacted North Island landscapes (Manville and Wilson, 2004), and importantly for the 
NZ-INTIMATE chronological framework (Alloway et al., 2007) blanketed much of the 
New Zealand region in tephra both onshore and offshore (Figure 3.1; Alloway et al., 2005; 
Carter et al., 1995; Eden et al., 1992; Froggat and Lowe, 1990). While the KOT has been 
found macroscopically in some South Island localities (Campbell, 1984, 1986; Mew et al., 
1986), due to its distal location and incorporation into accumulating loess deposits, 
presumably with coeval soil bioturbation, it is largely found only microscopically as 
cryptotephra (crypto = hidden/microscopic). The identification of the KOT in South Island 
has enabled the stratigraphic correlation of terrestrial and marine deposits and provides and 
independent test of other dating methods. 
 
As described by Lowe et al. (in press), dating the KOT has been problematic due to the 
dearth of material available for 14C dating at its type localities. However, the 14C dating 
that has occurred, in combination with age determination of other tephras bracketing the 
KOT, led Lowe et al. to accept Wilson et al.’s (1988) published age of 22,590 ± 230 14C yr 
BP. Using the 14C calibration curves of Hughen et al. (2004), Lowe et al. (in press) 
presented a calibrated age of 27,097 ± 957 cal. yr BP for the KOT, and it is this age that is 
accepted and used here for the purposes of tephrostratigraphic correlation. The tephra 
found within the loess deposits in this study is at the distal margins of the tephra air fall 
zone (Figure 3.1), and is microscopic cryptotephra. 
 84 
North
Island
South
Island
Chatham
Islands
Campbell
Island
Tasman
Sea
Pacific
Ocean
500 km
2000
1000
800
400
200
100
20
20
10?
trace
N
TVZ
Study Area
 
Figure 3.1. Distribution of the Kawakawa/Oruanui tephra in the New Zealand region, 
erupted from the Taupo Volcanic Zone (TVZ). Isopachs in millimetres. Adapted from Lowe 
et al. (in press), who used data from Wilson (2001), Kohn (1979), Campbell (1986), Eden et al. 
(1992), Newnham et al. (2004) and Newnham et al. (2006). 
 
 
3.1.3 Luminescence dating 
Luminescence dating methods are a subset of a wider array of numerical dating techniques 
based on environmental radiation (Figure 3.2). For detailed and comprehensive treatment 
of the methods and physics underpinning luminescence techniques see Aitken (1985, 1992, 
1998), Berger (1988, 1994, 1995), Duller (1995, 1996), Forman (1989), Wintle (1990, 
1993) and references therein. For the present discussion the key principles, and 
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applications of luminescence dating in the New Zealand context and problems associated 
with the method, will be discussed. The following is drawn from the reviews of Stokes 
(1999) and Duller (2004). 
 
 
Environmental Radiation
Electon-hole relocation via
,  and  radiation
and cosmic rays
α β γ
Fission track creation
during fission fragment recoil
Destructive measurement of
dose-related signal via thermal
and optical excitation
Non-destructive measurement of
dose-related signal via
magnetic techniques
Luminescence-based techniques
Thermal excitation Optical excitation
Thermoluminescence Dating
(TL)
Optical Dating
(OSL, IRSL)
Electron Spin Resonance
Methods
Fission Track Dating
and Geothermometry
 
 
Figure 3.2. Schematic summary of dating methods based on environmental radiation, 
emphasising luminescence-based techniques (grey box). Infrared stimulated luminescence 
(IRSL) is the environmental radiation dating technique used in this study. Adapted from 
Stokes (1999). 
 
 
Luminescence techniques measure signals relating to relocation of electrons at defects 
within semiconducting crystalline materials, principally quartz and feldspar. Defects are 
present due to geochemical and mineralogical inhomogeneities within the crystal structure. 
Electrons may be evicted from their stable ground state by an addition of energy to the 
system due to exposure to ionizing radiation that is emitted during radioactive decay (α, β 
and γ radiation) of elements (e.g. U and Th decay series, 40K) within the crystal lattice or in 
adjacent minerals. Exposure to cosmic rays also induces electron eviction. A portion of the 
electron population evicted from their ground state may be fixed at the crystalline defect 
sites which render them potentially stable for millions of years, or until a further amount of 
energy is introduced either via either thermal or optical excitation. This additional energy 
overcomes an activation potential and allows electrons to combine with holes at 
recombination centres. The electrons return to their ground state, and if the recombination 
centre is of the luminescent-type, energy is emitted in the form of a photon. Luminescence 
emission following thermal stimulation is termed thermoluminescence (TL). 
Luminescence emission following optical light stimulation is termed optically stimulated 
luminescence (OSL). The other technique of relevance here is luminescence emission 
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following infra-red stimulation (IRSL). Quartz and feldspar minerals therefore act as 
dosimeters, absorbing environmental radiation that increases charge population over time 
subsequent to sediment burial. Exposure to heat (TL) or sunlight (optical and IRSL 
techniques) resets or “zeroes” the dosimeter, so the electron charge released as photons 
subsequent to stimulation is proportional to the time since sediment burial, or time of last 
significant heating (above 200-300°C) in the case of TL. 
 
Luminescence ages are calculated according to 
 
         )kyrGy ( rate dose
(Gy) dose equivalent(ka) age 1−=    (3.1) 
 
The SI unit for absorbed radiation is the Gray (Gy; 1 Gy = 1 J kg-1). The equivalent dose 
(also known as the paleodose) is the estimated dose of ionising/cosmic radiation the crystal 
has absorbed, and it is this value that is determined by the release of stored energy as 
photons (luminescence) following stimulation. The dose rate corresponds to the rate at 
which the sample was exposed to radiation, and is determined by assessing the 
radioactivity of the sample and surroundings using chemical or radiometric methods, and 
estimating cosmic ray contribution. Luminescence time ranges relate to the capacity of the 
dosimeter material to take up charge, the stability of the trapped electrons, and the rate at 
which trapped electrons are created within the lattice, which is directly related to the 
environmental radiation levels. In sand-dominated sediments, quartz provides a dosimeter 
which can be routinely used for samples ranging in ages up to 150 ka, and even up to 800 
ka, depending on environmental ionising radiation levels. In the case of feldspathic 
minerals the saturation dose level is typically much higher than in quartz, and potassium-
bearing feldspars provide an internal dose contribution which increases typical dose-rate 
levels. In such settings, ages of the order of hundreds of thousands of years have been 
reported. Fine-grained sediments such as loess frequently contain considerably greater 
concentrations of U and Th and as a result, the dose rates are correspondingly higher. Use 
of either mineral type provides a means of obtaining ages from sedimentary contexts over a 
fourfold greater time span than the radiocarbon method, and obtaining ages throughout the 
last interglacial–glacial cycle. 
 
The development of OSL/IRSL techniques has led to them increasingly being used in 
preference to TL. It can be assumed that the latent charge population within crystal lattices 
at time of deposition is negligible, and as such the measured OSL/IRSL level relates only 
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to charge buildup since deposition, unlike TL where latent and residual TL must be 
accounted for. This means that sediments require much shorter exposure periods to 
daylight at deposition to be dated, and because the uncertainty in the degree to which the 
signal is reset to zero is smaller, younger samples can be dated. The IRSL approach has the 
advantage of detecting a broad range of IRSL emission wavelengths without the need to 
block the passage of the excitation wavelength, as is the case with green-light (OSL) 
stimulated luminescence. 
 
Luminescence techniques are being increasingly applied to the development of 
chronologies in New Zealand’s loess landscapes (Almond et al., 2001; Almond et al., 
2007; Berger et al., 1996, 2001a, 2001b, 2002; Carter and Lian, 2000), and have also been 
applied to marine terraces and alluvial fans (Litchfield and Lian, 2004), alluvial terrace 
sequences (Litchfield and Rieser, 2005) and glacial deposits (Hormes et al., 2003; Preusser 
et al., 2005). Most luminescence studies have been reconnaissance in nature and only 
recently have more comprehensive studies been conducted that analyse multiple samples 
and apply different luminescence techniques to the same stratigraphic positions (e.g. 
Hormes et al., 2003; Preusser et al., 2005). In the light of dating discrepancies and 
reversals from the earliest New Zealand studies (see Section 3.1.4 below), further analyses 
are indeed needed to improve and refine luminescence techniques. Despite some age 
agreement between techniques shown by Preusser et al. (2005), they acknowledge that 
their IRSL results may actually be underestimates due to anomalous fading. Anomalous 
fading affects feldspars such that charge trapped within the crystal that is predicted to be 
stable for hundreds of thousands of years is observed to decrease in the laboratory over 
tens of days. This will lead to dimmer luminescence signals and hence age underestimates 
(e.g. Wallinga et al., 2001). While this can be accounted for, and anomalous fading tests 
are routine procedures when feldspars are analysed with IRSL, Duller (2004) suggests that 
feldspars should perhaps be avoided in preference to quartz. However, feldspars continue 
to be used as luminescence targets in New Zealand Quaternary research, primarily due to 
dimness of quartz luminescence signals (U. Rieser, personal communication). Even with 
fading tests apparently showing the extreme rarity of anomalous fading in some New 
Zealand studies, these same studies are producing considerable and consistent age 
underestimations with respect to independently dated isochrons such as the KOT. This 
phenomenon is seen in Almond et al. (2001, 2007), and this study. 
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3.1.4. Loess stratigraphic studies in South Island 
Attempts to develop South Island loess stratigraphies have been based on both numerical 
methods such as radiocarbon and luminescence dating (Runge et al., 1973, 1974; Tonkin et 
al., 1974; Goh et al., 1977, 1978; Berger et al., 1996, 2001a, 2001b, 2002; Ota et al., 1996), 
and tephrochronology, with particular emphasis on the widespread KOT (Robertson and 
Mew, 1982; Campbell, 1984, 1986; Mew et al., 1986; Eden, 1989; Eden and Froggat, 
1988; Eden et al., 1992; Almond, 1996; Neall et al., 2001). Although inconsistencies 
between loess stratigraphy, tephrochronology and luminescence chronology have yet to be 
reconciled (Almond et al., 2007; see below) luminescence results indicate that most South 
Island loess is younger than c. 300 ky (Schmidt et al., 2005). The wide variation in 
luminescence ages of the basal and lower sections of the loess profiles from across the 
South Island indicates that the onset of conditions favouring loess accumulation (high 
deposition rate/low erosion erosion rate/high trapping efficiency) was not synchonous. 
Dates from the base of South Island upper loess sheets also suggest that the basal ages of 
loess sheets are not isochronous (Tonkin et al., 2004). Variations in basal ages may reflect 
non-deposition or complete removal of loess sheets in some areas, ages of oldest surfaces 
available for loess accumulation, regional variation in loess acumulation and/or local 
erosion history. These results show that there was spatial variation in onset of loess 
landscape development and accumulation of individual loess sheets, reflecting inter-
regional temporal variation in increased cold-climate sediment supply, river aggradation 
and associated loess production and accumulation, and timing of onset and cessation of 
erosion. 
 
South Island loess-stratigraphic studies (Figure 3.3) have been conducted in Marlborough 
(Eden and Froggat, 1988; Eden, 1987, 1989; Ota et al., 1996), Canterbury (Ives, 1973; 
Griffiths, 1973; Runge et al., 1973, 1974; Tonkin et al., 1974; Goh et al., 1977, 1978; Eden 
and Froggatt, 1988; Berger et al., 1996, 2001b, Ota et al., 1996, Shulmeister et al., 1999; 
Soons et al., 2002; Almond et al., 2007), Westland (Young, 1967; Almond, 1996, 1997; 
Almond and Tonkin, 1999; Almond et al., 2001; Berger et al., 2001a; Neall et al., 2001), 
Otago (Young, 1964; Leslie, 1973; Wilson, 1973) and Southland (Bruce, 1973a, 1973b, 
1996; Eden et al., 1992; McIntosh et al., 1990; Berger et al., 2002), with the lack of studies 
in Fiordland reflecting the absence of loess landscapes in this region due to physiographic 
and climatic factors. Inter-and intra-regional differences in loess production and 
accumulation are illustrated by a comparison of loess stratigraphic columns with numerical 
age control (Figure 3.4). In south Canterbury the Timaru and Normanby sites are in close 
proximity to each other yet show marked differences both in individual loess sheet and 
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total column thickness (Normanby ~7.5 m, Timaru >15 m). On Banks Peninsula, the Little 
River, Onawe and Barry’s Bay sites show more similar loess stratigraphy and loess sheet 
thicknesses, although differences are still clear. Overall column thickness is similar (~13.5 
m) for the Onawe and Barry’s Bay sites. The thinnest Canterbury loess column with 
numerical age control is the Cust site (~6.5 m), the profile of which is most similar to the 
Normanby site. The Ahuriri Quarry site exceeds 15.5 m in thickness, and on the basis of 
dating results is interpreted to be a single, thick sheet of proximal loess. 
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Figure 3.3. Locations of loess stratigraphic columns shown in Figure 3.4. Other South Island 
loess-stratigraphic and loess-landscape studies are listed. 
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Figure 3.4. Selected South Island loess-stratigraphic columns. Locations shown in Figure 3.3. 
See text for discussion. 
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These Canterbury sites illustrate some key points on the development of loess landscapes, 
and the interpretation of chronostratigraphies based on numerical dating techniques. 
Differences in individual loess sheet thickness can be attributed to an interplay of various 
processes: loess deposition dependent on volume of source material and proximity to dust 
source, morphometry of deposition surface, trapping efficiency of local vegetation, and 
post-depositional alteration of loess thickness due to erosional truncation (via soil creep, 
overland flow erosion or wind deflation), colluvial accumulation and mineral dissolution. 
While there is intra-regional variation in Canterbury’s climate, particulary rainfall, this 
variation is unlikely to be a direct causal factor in differences in individual loess sheet and 
total loess column thickness (e.g. mineral dissolution), especially since sites in similar 
locations (e.g. Normanby and Timaru) and at similar elevations (e.g. Barry’s Bay and 
Cust) have such dissimilar profiles. Geomorphic position and proximity to source area are 
more likely explanations for the evident variations. The Timaru, Little River, Barry’s Bay 
and Ahuriri Quarry sites are all presently coastal, but in glacial periods would have been 
inland, owing to lower sea level, and exposed to loess deposition from river floodplains 
both north and west of their locations depending on dominant wind patterns. The Ahuriri 
Quarry site in particular would have seen high loess deposition from the Waimakariri 
River, which is known to have periodically avulsed to the south, and then to the north, of 
Banks Peninsula throughout the Holocene (Salminen et al., 1997) and probably throughout 
the Pleistocene. 
 
For the Saltwater Forest and Blue Spur sites in Westland (Figure 3.4) overall loess column 
thickness is significantly less than those in Canterbury, and the individual loess sheets are 
correspondingly thinner. The moraine and terrace landforms on which these columns occur 
were adjacent to glacial outwash and river floodplains during the Pleistocene, and like in 
Canterbury would have received loess derived from a coastal plain enlarged by lower sea 
levels. The comparatively thin loess mantles therefore require an explanation. While 
source areas may have been restricted compared to South Island’s east coast, it is the post-
depositional processes that are likely to be the major causal factor in this region. Almond 
and Tonkin (1999) clearly demonstrated the significant soil mineral dissolution that is a 
major component of pedogenesis in Westland with its high rainfall and humidity, and these 
loess columns and their individual loess sheets are therefore remnants of formerly thicker 
deposits. The Southland sites with numerical age control (Figure 3.4) are also considerably 
thinner than those in Canterbury, and here again regional precipitation is higher. However, 
these sites show considerable variation in loess sheet thickness which may reflect 
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differences in source area proximity and dust flux rate, as well as post-depositional 
processes such as localised erosion and pedosphere stripping (Bruce, 1973a). 
 
Radiocarbon (14C) and luminescence dating have been used to date loess accumulation 
events and relate these events to the wider chronology of Quaternary landscape evolution 
and environmental change. Before the advent of luminescence dating, 14C was applied to 
Canterbury loess stratigraphy with varying success. As is evident in the Little River and 
Barry’s Bay sites (Figure 3.4), organic material from the same stratigraphic position yields 
quite different ages depending on the material dated and its pre-treatment. Goh et al. 
(1978) and Hammond et al. (1991) demonstrated that untreated samples of whole loess and 
organic material yielded younger dates due to contamination by recently incorporated 14C 
in the labile soil organic matter (SOM) fraction. Progressively harsher acid/base treatments 
yielded older dates, as the residue is comprised of the older recalcitrant SOM fraction, and 
only these dates can be used as minimum ages of the loess sheet in question. However, 
even these older ages are likely to be underestimates of the stratigraphic position from 
which they are taken when compared to luminescence dates. Where both 14C and TL dates 
are available for a loess column (e.g. Onawe and Barry’s Bay sites), there are significant 
discrepancies and age reversals between the two methods. At the Onawe site at ~12.5 m 
depth, a charcoal 14C age of 28,000 yr BP (presumably contaminated with young 14C) 
contrasts sharply with a TL age of 208 ± 45 ka. At the Barry’s Bay site at 6 m depth, 14C 
dating of SOM in whole loess and charcoal yields ages of 25,000 yr BP and 35,800 yr BP, 
respectively, but these are bracketed above (~5.5 m) by a TL age of 70 ± 15 ka and below 
(~8.5 m) by a TL age of 131 ± 24 ka. Similarly, 14C dating of loess at ~9 m yields an age of 
14,550 yr BP and is bracketed above (~8.5 m) by a TL age of 131 ± 24 ka and below 
(~11.5 m) by a TL age of 178 ± 34 ka. At ~12.75 m 14C dating of loess and charcoal yields 
ages of 21,400 yr BP and 36,300 yr BP, respectively, but these are bracketed above (~11.5 
m) by a TL age of 178 ± 34 ka and below (~13 m) by a TL age of 246 ± 91 ka. These 
results highlight the downwards translocation of young organic material which 
contaminates older SOM including plant fragments and charcoal, and provide a good 
illustration of the discrepancies between dating methods. The Ahuriri Quarry column 
contains abundant pedogenic carbonate that has been 14C-dated and which, due to it being 
a post-depositional deposit, provides a minimum age for the loess in which it occurs. Ages 
of root pseudomorph (rhizolith) pedogenic carbonate increase down the column from ca. 
10,000 cal. yr BP at 2.8 m to ca. 35,000 cal. yr BP at 10.9 m (Almond et al., 2007). The 
dating of pedogenic carbonate provides information on environmental and climatic 
conditions subsequent to loess deposition, but does not provide direct chronological 
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constraints for loess landscape formation. However, the cluster of IRSL ages at ca. 4 m are 
all younger than the pedogenic carbonate calibrated 14C age range of 21,802-22,297 yr BP 
(Figure 3.4), confirming IRSL age underestimates.  
 
There are some significant discrepancies both within and between luminescence results 
themselves (Figure 3.4). Thermoluminescence age reversals are evident in the Normanby, 
Timaru Onawe, one Saltwater Forest column (M1/1). However, TL ages are correctly 
stratigraphically ordered in the Barry’s Bay, Cust, Blue Spur, Romahapa, Kingston 
Crossing and Saltwater Forest M3/2 columns, although these ages are often inconsistent 
with accepted ages of loess sheets. These low precision TL data were gathered for 
reconnaissance-level studies by Berger et al. (2001a, b, 2002) and hence comprised 
relatively few dates. Berger et al. (2002) suggested that salt spray effects, faunal burrowing 
and inhomogeneity of feldspar mineralogy were responsible for the age reversals, and that 
precision could be improved by replicate sampling and IRSL techniques. There are in 
addition significant discrepances between TL and IRSL results in the Westland loess 
columns, and while IRSL age overestimations with respect to TL may be explained by 
incomplete feldspar bleaching, this cannot explain IRSL underestimations.  
 
In the Stewart’s Claim column three TL dates are from positions stratigraphically below 
the putative ~300 ka Lower Griffin Road Tephra, yet are significantly younger than this 
attributed age (although since the characterisation of Griffin Road Tephra at this locality is 
based on few cryptotephra data (i.e. 3 tephra shards; Eden et al., 1992) it cannot be 
identified with confidence). In addition, there are significant discrepancies between OSL 
ages and the most recent calibrated 14C age of 27,097 ± 957 cal. yr BP for the KOT (Lowe 
et al., in press). This is most evident in the Ahuriri Quarry column, where the KOT is 
stratigraphically above four dates ranging from 16.5 ± 0.6 ka to 18.4 ± 0.8 ka, but is also 
seen in the Cust column. Although the status of the KOT’s age may be debated, it cannot 
be seriously altered without sweeping changes to much of New Zealand’s Quaternary 
tephrostratigraphy, which is being increasingly bolstered by detailed age models (Figure 
3.5). While luminscence dating techniques hold great promise for providing chronological 
frameworks for loess stratigraphic studies, more research into the causes of age 
underestimation and reversals needs to be undertaken before IRSL can be considered a 
high accuracy dating method of South Island quartzo-feldspathic loess (Almond et al., 
2007).  
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Figure 3.5. Combined age models for marine core MD97-2121 in the last 30 kyr, based on 
named, and independently dated, tephras and 18 AMS 14C dates (L. Carter and B. 
Manighetti, unpublished data). From Alloway et al. (2007). Note position and age of 
Kawakawa (KOT). 
 
 
Despite the evident problems with applying luminescence techniques to South Island loess 
deposits, the preliminary chronologies strongly suggest a diachronous base to L1 in South 
Island, ranging between ca. 70 ka and ca. 30 ka. Ages from Timaru, Barry’s Bay, 
Romohapa and Stewart’s Claim may be identical within uncertainties at ca. 70 ka, 
suggesting L1 represents the whole last (Otira) glaciation. Kingston Crossing and Cust 
suggest much later onset of accumulation of L1, up to 10 kyr before the LGM. Ahuriri 
Quarry suggests an intermediate age for onset of L1 accumulation, sometime significantly 
before 34 ka (carbonate 14C) and possibly before 43 ka (IRSL). The diachronous character 
of the base of L1 may result from differences across the sites of the relative rates of loess 
accumulation and pedogenesis, which alter the resolution of the soil stratigraphy. For 
example, the apparently high rates of accumulation at Ahuriri Quarry in the dry climate of 
this location may have prevented formation of distinctive, persistent soil features during 
periods of relatively low loess accumulation rate, whereas at wetter sites of generally 
slower loess accumulation their formation was favoured. None the less, all records to some 
extent confirm loess accumulation in the period 30-50 ka, a time, according to published 
glacial chronologies for eastern South Island, in which glaciers were not advancing (Gage, 
1957; Suggate, 1990). This suggests that either loess production and glaciation are to some 
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extent decoupled, or that existing glacial chronologies are incomplete. The fact that some 
loess accumulation occurred in the North Island in the general absence of glaciation 
(Palmer and Pillans, 1996; Litchfield and Rieser, 2005) is proof that loess production is not 
necessarily dependent on glaciation. Alternatively, new unpublished records from the 
Rakaia Valley in central South Island show glacial advances at MIS3/2 (J. Shulmeister, 
personal communication). Advances occur in the 30-50 ka period in Westland also 
(Almond et al., 2001; Suggate and Almond, 2005) and in Fiordland (Williams, 1996). 
 
Comparisons between South Island east and west coast loess are difficult to make because 
of the paucity of detailed records in Westland, and the low accuracy of what dating is 
available. One distinctive and very significant feature of Westland loess is a break in 
accumulation for a period of ca. 2 kyr beginning shortly before the KOT (Suggate and 
Almond, 2005). This break coincides with an interstadial (eLGM interstadial; Newnham et 
al., 2007a) between what is now recognised as an early LGM advance and a later advance 
more or less contemporaneous with the global LGM. The timing of this earlier advance, 
and pollen evidence (Vandergoes et al., 2005; Newnham et al., 2007b), has led to 
redefinition of the New Zealand LGM as a complex of climate events (Alloway et al., 
2007) covering the period 30-19 ka (Suggate and Almond, 2005). A break in loess 
accumulation in east coast South Island records at the time of KOT has not been identified 
to date. This may, again, relate to limits of the resolution of the soil stratigraphy on the dry 
eastern regions of the island, or to more fundamental differences in glacial dynamics 
between regions east and west of the Southern Alps. The present study will directly 
address two questions highlighted by the existing loess chronology: First, the extent to 
which to which loess accumulation is coupled with local river aggradation, and second, 
whether or not the ca. 27 ka break in loess accumulation is apparent in east coast loess 
records. 
 
3.1.5. Phosphorus analysis for pedogenic interpretation 
Changes in amounts and forms of phosphorus (P) are strongly linked to soil and ecosystem 
development (Walker and Syers, 1976). Phosphorus is a key indicator of soil weathering 
status, and soil chronosequence research has established that soil phosphorus 
transformations proceed in a relatively predictable manner with the onset of pedogenesis 
(Figure 3.5; Cross and Schlesinger, 1995; Smeck, 1973, 1985; Smeck and Runge, 1971; 
Syers et al., 1970; Walker and Syers, 1976; Williams, 1969; Williams and Walker, 1969). 
In young soils, P is dominantly in the form of primary mineral apatite 
[Ca5(PO4)3(OH,F,Cl)] (PCa). With the onset of soil weathering, PCa releases soluble P 
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which is either leached, utilised by plants and microorganisms as the first stage in its entry 
into biospheric cycling, is adsorbed on to the surfaces of iron and aluminium oxides 
(PFe/Al), hydrous oxides or carbonates as non-occluded P or, as a result of diffusive 
penetration, enters the lattices and interlayer spaces of clay minerals as occluded P (Walker 
and Syers, 1976). Over ecological time frames P released from PCa continues to be 
incorporated into organic matter (PO) and occluded and non-occluded forms, and PT 
decreases from leaching. In the oldest soils, occluded P and PO dominate the soil 
phosphorus fractions (Figure 3.6a). 
 
Intensity of pedogenesis, as evidence by total soil P and relative abundance of soil P 
fractions, can vary between different climatic conditions. Enhanced chemical weathering, 
increased humidity contributing to leaching, and increased biological activity can be 
expected to occur under interglacial conditions compared to glacial periods, combining to 
decrease total soil P at higher rates than under cooler conditions and when loess was 
rapidly accumulating. Varying rates of soil weathering via upbuilding and topdown 
pedogenesis in loess deposits were addressed by Almond and Tonkin (1999). Upbuilding 
pedogenesis occurs with active loess accumulation under glacial conditions, such that 
pedogenic processes act in the accumulating loess. The result is a loess deposit, every part 
of which has been subject to surface soil processes. Where loess accumulation rates are 
high, rates of pedogenic weathering and transformation of P are relatively low and the 
loess accumulated is only weakly chemically altered. In contrast, topdown pedogenesis 
occurs where loess concentrations are lower and effects of weathering are thus more 
significant. With increased P leaching and uptake by soil organisms, the upper soil 
horizons of a loess sheet are depleted in PCa with respect to the lower horizons, which will 
tend to retain the P signature characteristic of the loess parent material accumulated during 
glacial times. This pattern was observed in loess sheets in Westland (Almond and Tonkin, 
1999) and in multiple loess sheet sequences in South Canterbury (Runge et al., 1974; 
Figure 3.6b), demonstrating the usefulness of P data for identifying effects of topdown 
pedogenesis on buried loess sheets. The recognition of paleosols in this manner is 
important for identifying previous geomorphic surfaces, and estimating rate/duration of 
interglacial soil forming processes. 
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Figure 3.6. (a) Changes in forms and amounts of soil phosphorus with time. Adapted from 
Walker and Syers (1976). For explanation of P forms see text. (b) Depth changes in PT and 
PCa from a loess column near Timaru (see Figure 3.3 for location). Adapted from Runge et al. 
(1974). 
 
 
3.1.6. Aims and Objectives 
The aims of this study are to 1) test the assumption of synchronicity between alluvial 
aggradation and loess accumulation in Charwell Basin; 2) place the loess deposits of 
Charwell Basin into the wider New Zealand loess stratigraphic framework; and 3) 
characterise late Quaternary pedogenic phases in Charwell Basin. To meet these ends this 
study has the following objectives: 1) to describe the soil- and loess stratigraphy at 
Charwell Basin; 2) to date by cryptotephra and IRSL both primary and colluvial loess 
deposits, 3) to characterise P fractions within buried soils and loess. The resulting 
chronological framework will be used to provide a chronological framework for alluvial 
aggradation in Charwell Basin (see Chapter 2), and to interpret the late Quaternary 
temporal and spatial changes in vegetation and paleoclimate in Charwell Basin presented 
in Chapter 4.  
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3.2. Methods 
 
3.2.1. Loess description, sampling and preparation 
The sampling sites are the two catena endpoints – interfluve and gully – on the Dillondale 
terrace described in Chapter 1, Section 1.3.1, Figure 1.16. This area was selected because 
previous research had established the presence of three loess sheets on the interfluve 
representing a largely uneroded late Quaternary record (Chapter 1, Section 1.3.4, Figure 
1.18 and Table 1.1). The gully site was selected as a complementary colluvial record.  
 
Soil stratigraphy was described by hand auger, with soil horizon texture and colour 
described after Milne et al. (1995). Samples for cryptotephra analysis (interfluve and gully) 
and P analysis (interfluve only) were collected by hand auger in 10 cm increments. All 
samples were weighed before and after drying (three days at 35°C) to calculate bulk 
density, then crushed and sieved to 2 mm. Samples for P analyses were further crushed 
using a mortar and pestle.  
 
Unweathered silt-sized material was collected from the Charwell River floodplain for 
determination of PT content of the presumed soil parent material, with the assumption that 
river silts were the dominant source of local loess. These data served as a baseline against 
which P values in the interfluve were compared. 
 
3.2.2. Dating control 
 
Cryptotephra analyses 
Cryptotephra shards were extracted from both interfluve and gully sections in order to 
determine depth distribution and emplacement horizons. Approximately 20 g sub-samples 
were treated for removal of organic matter by boiling in 30% H2O2, then oxides were 
removed using a Na-citrate/Na-carbonate/Na-dithionite treatment according to a method 
adapted from Blakemore et al. (1987). Samples were rinsed in deionised water and then 
wet-sieved to obtain the >63 µm (fine sand) fraction. Samples were spiked with spherical 
glass beads at a concentration of 5% w/w to allow tephra concentrations to be calculated, 
following the procedures of Roering et al. (2002). The glass grains used (Potters 
Ballotini® Impact Bead, silica abrasion beads) range in size between 90 µm and 150 µm 
and are quoted by the manufacturer as having 664.8×103 grains g-1. The level of spiking 
ensured that the prepared samples had approximately 0.018 g of beads per g of sample. 
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Counting of tephra involved sprinkling a small amount of sample into the well of a 
microscope slide and then immersion in clove oil. Counts of tephra and glass beads in each 
sample were recorded. Tephra concentration T  was calculated according to  
 
M
MS
S
TT 63>××= , (3.2) 
 
where T is tephra grain counts, S is spike grain counts, S  is spike concentration in the >63 
µm fraction, M>63 is mass of the >63 µm fraction, and M is the mass of subsample before 
treatment and sieving. Tephra concentrations were multiplied by bulk density to obtain 
tephra shards cm-3, which was in turn multiplied by sample increment depth to obtain 
tephra shards cm-2 to enable calculation of tephra inventories. 
 
Depth increments showing tephra peaks were subject to further tephra extraction for 
electron microprobe analysis. Samples were prepared as above by removal of organic 
matter and oxides, and sieving to >63 µm. The tephra was physically separated from 
higher-density minerals using liquid Na-polytungstate at density 2.35 g cm-3. The >63 µm 
fraction was added to the Na-polytungstate, agitated in an ultrasonic bath, then centrifuged 
at 1000 rpm for 10 minutes. Material of density ≤2.35 g cm-3 was removed by pipette and 
cleaned using deionised water. Samples were dried then mounted in an epoxy resin block 
which was polished. All analyses were performed at the Victoria University of Wellington, 
New Zealand, School of Earth Sciences on a JEOL 733 electron microprobe with 
wavelength dispersive spectrometry, with 15 kV backscatter and a beam width of 10 µm. 
Following the convention of most other EMA used for tephrochronology in New Zealand, 
values are reported as percentages of sample weight normalised to 100%. Tephras have 
been shown to be distinguishable using bi-plots such as FeO or K2O vs CaO, and FeO vs 
CaO plots are presented here. Data were plotted against known North Island rhyolitic 
tephra chemistry data (provided by P. Shane) for comparison and source tephra 
identification. 
 
Infrared Stimulated Luminescence 
One IRSL sample from the interfluve was collected from a cleaned vertical face at 0.9 m 
depth on a loess exposure adjacent to the auger site, and cryptotephra analysis was also 
performed on this section providing a means by which the IRSL age could be correlated to 
the sampled auger site. The interfluve sample and three samples from the gully core at 
1.05, 2.4 and 5.63 m depth were submitted for IRSL dating. Analyses were conducted at 
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the Victoria University of Wellington, New Zealand, School of Earth Sciences 
Luminescence Dating Laboratory by U. Rieser using the procedures detailed in Litchfield 
and Rieser (2005) and Almond et al. (2007). Samples were cut from the intact cores and all 
deposition ages were determined using the silt fraction. Equivalent dose was determined by 
measuring the blue luminescence output during infrared optical stimulation, selectively 
stimulating the feldspar fraction. The dose rate was estimated on the basis of a low level 
gammaspectrometry measurement. Details of the methodology, adapted from U. Rieser’s 
analytical report, are presented in Appendix 1. 
 
Constraining L1 onset using gully infilling rates 
A depth-age model for the gully was developed in the course of calculating soil flux rates 
as part of the investigations of climatically-controlled variations in soil transport rates 
discussed in Chapter 5. Briefly, an infilling rate appropriate for the LGM to Holocene 
period was calculated by estimating the mass of colluvial material in the gully between the 
datum established by the KOT (27,097 ± 957 cal. yr BP) and the Holocene re-
establishment of forest (10,690 ± 1,640 cal. yr BP; see below) as identified by phytoliths 
(Chapter 4). The mass of gully infill contributed by primary airfall loess was then 
estimated on the basis of the mass/m2 of loess on the interfluve between the same two 
datums, and this was subtracted from the total mass between the datums in the gully. The 
mass infilling rate was then calculated using this mass and the time interval 27,097 ± 957 
cal. yr BP – 10,690 ± 1,640 cal. yr BP. This infilling rate was then used to calculate the 
time needed to fill the gully between the base on the infill and the KOT datum, after the 
mass in this increment was corrected for airfall loess. The amount of airfall loess was 
estimated from the mass/m2 of loess between KOT and a phytolith assemblage at the base 
of the gully that was also recognised in the interfluve core (Chapter 4). 
 
3.2.3. Loess Mass Accumulation Rate 
A loess MAR (g m-2 yr-1) was calculated for the upper part of loess sheet 1 (L1) on the 
interfluve using the following formula (from Eden and Hammond, 2003): 
 
 ρ
T
DMAR =  (3.3) 
 
where D is the depth of loess increment in m, T is the time for accumulation of the loess 
increment in years and ρ is the measured bulk density of the loess increment in g m-3. The 
lower limit of the measured loess increment is delineated by the KOT emplacement 
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horizon. Cessation of loess accumulation is assumed to have occurred 10,950 ± 300 cal. yr 
BP (2σ), based on the calibrated 14C age of 9610 ± 100 yr BP determined by Goh et al. 
(1978) for the base of a Holocene peat deposit overlying late Pleistocene loess in South 
Canterbury. Despite chemical pre-treatment of the peat sample (Goh et al., 1978; see also 
Hammond et al., 1991), it is possible that it was contaminated by younger 14C thereby 
yielding an erroneously young date. However, the calibrated age of 10,950 ± 300 cal. yr 
BP for cessation of loess deposition is not incongruous with a timing of 10,690 ± 1,640 cal. 
yr BP for forest onset in the Kaikoura region (McGlone and Basher, 1995; see Chapter 4), 
when loess was not accumulating. Loess MARs were also calculated for the present study 
at several other South Island sites where availability of KOT depth and bulk density data 
permitted. 
 
3.2.4. Phosphorus analyses 
Phosphorus fractions were determined for the interfluve at each 10 cm interval for the first 
1 m, and then at every 20 cm for the remainder of the loess column. A variety of P 
fractionation procedures have been developed that selectively extract the aforementioned P 
fractions (Cross and Schlesinger, 1995). In this study, four fractions were targeted: PCa, 
non-occluded P, occluded P, and POrg using the methods of Smith and Bain (1982), 
Bowman (1989) and Murphy and Riley (1962). These combined methods were used due to 
their relatively simple and quick procedures, which was desirable considering the large 
number of samples analysed, the ease of calculations, and due to their robustness in 
producing consistent and reproducible results (L. Condron, personal communication). All 
analyses were performed in duplicate and means of the two values used. 
 
Total soil P (PT) was determined using the sodium hydroxide fusion method of Smith and 
Bain (1982). Samples were dried and finely ground and 0.1 g of soil was placed in a nickel 
crucible with 1.5 g of NaOH pellets. Samples were sequentially heated to 800°C and held 
at this temperature for 15 minutes. Samples were then cooled and washed with 60 ml of 
hot deionised water, then left for 30 minutes. Samples were filtered into a 100 ml 
volumetric flask and 3 ml of concentrated sulfuric acid added. The solution was allowed to 
cool and made to 100 ml volume with deionised water. 
 
Organic phosphorus (POrg) was determined using a method adapted from Bowman (1989), 
which uses separate acid and base treatments. Two grams of finely ground soil was placed 
in a 250 ml centrifuge tube and 3 ml of concentrated H2SO4 added and gently mixed. Four 
separate 1 ml aliquots of deionised water were added with shaking between each addition 
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and the sample then made up to 48 ml. The soil suspension was cooled and centrifuged at 
5000 rpm for 20 minutes, then filtered, and the extract kept for analysis (POrg acid). The 
soil residue was washed by addition of deionised water and further centrifugation, and the 
supernatant discarded. Ninety-eight ml of 0.5M NaOH was added to the soil residue which 
was then shaken for two hours. The sample was then centrifuged and filtered, and the 
extract kept for analysis (POrg base). The POrg acid and POrg base extracts were each split 
into two separate aliquots. One aliquot was analysed for estimated total P in that extract (a 
separate estimation to that of Smith and Bain (1982) above) by using 0.86 g of ammonium 
persulfate to which the extract was added (2 ml for H2SO4 extract and 5 ml for NaOH 
extract) in a 50 ml centrifuge tube. Ten ml of 0.9M H2SO4 was added, and the solution was 
autoclaved for 90 minutes at 120°C. The samples were transferred to a 50 ml volumetric 
flask for analysis P in the extract. The other aliquot was analysed directly for total 
inorganic P. The results for estimated total P (acid and base) were summed, as were results 
for total inorganic P (acid and base). Total inorganic P (acid+base) subtracted from 
estimated total P (acid+base) gives POrg. 
 
Organic P (POrg) subtracted from PT determined by the Smith and Bain (1982) method 
gives inorganic P. The non-occluded phosphorus fractions of this (PCa and PFe/Al) were 
determined using an acid and base extraction method adapted from Murphy and Riley 
(1962). One gram of finely ground soil was placed in a 50 ml centrifuge tube and 30 ml of 
1M NH4Cl was added then shaken for 30 minutes to extract soluble and loosely bound P. 
The sample was centrifuged for 10 minutes at 10,000 rpm and the supernatant discarded. 
Thirty ml of 0.1M NaOH was added and the sample shaken for 16 hours then centrifuged 
at 10,000 rpm for 10 minutes, and the supernatant decanted into labelled vials for 
determination of PFe/Al. The soil was washed with deionised water, centrifuged and the 
supernatant discarded. Thirty ml of 1M HCl was added and the sample shaken for 16 hours 
then centrifuged at 10,000 rpm for 10 minutes, then filtered for determination of PCa. All P 
fraction extracts were analysed on a Varian Cary 50 ultraviolet/visible spectrophotometer 
set at 880 nm wavelength. The occluded fraction was calculated as the difference between 
total inorganic P and PCa+PFe/Al.  
 
A simple pedogenic index (PI) was calculated for each loess sheet, adapted from Harden 
(1982), Harden and Taylor (1983), Busacca (1987), Vidic and Lobnik (1997) and 
Birkeland (1999). The pedogenic index values, calculated for each sampled increment, 
which were summed by loess sheet and divided by loess sheet depth to normalise for 
differing loess thicknesses. The PI for each loess sheet was calculated according to 
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where i is each sampled increment, PTi is soil total P of increment i, PPM is total P in river 
sediment assumed to represent the original parent material, di is the thickness in cm of 
increment i, and D is total loess sheet thickness in cm. Resulting indices reflect combined 
total weathering during both loess upbuilding and topdown pedogenesis phases. 
 
 
3.3. Results 
 
3.3.1. Stratigraphy 
A detailed soil- and loess stratigraphic column based on the descriptions of P. Almond and 
P. Tonkin (unpublished data) was presented in Chapter 1, Section 1.4.4, Table 1.2. The 
interfluve site used in the following analyses is situated ca. 100 m from the loess exposure 
on which the detailed description was made, and the loess stratigraphy is the same (Figure 
3.7 and 3.8). The interfluve is underlain by three loess sheets, denoted here from top to 
bottom as L1, L2 and L3, respectively. Soils in L1 (Fragic Epiaqualfs) extend to 1.75 m 
depth and are characterised by silt loam A and upper B horizons, with evidence of seasonal 
saturation above a dense, oxidised, clay-rich subsoil with strongly developed coarse 
prismatic structure and grey veins between prisms. L2 extends from 1.75 m to 2.8 m depth 
and is comprised of a buried Bwg horizon with evidence of seasonal saturation (25 cm 
thick) in the upper part, over a similar horizon but with fragic properties in its lower part 
(50 cm thick), with moderately-weakly developed medium-coarse prismatic structure. L3 
constitutes the remainder of the loess column. The upper part of L3 is an extremely 
oxidised, bright orange brown material, clay loam-silty clay in texture, with horizontal 
grey veins and large (up to 2 cm diameter) black manganese concretions. This overlies a 
uniform brown buried Bt horizon without the prismatic structure evident in the soils or 
buried soils of L1 and L2. 
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Figure 3.7. Soil stratigraphy and loess sheets on the Dillondale terrace. See Chapter 1, Section 
1.3.4, Table 1.1 for detailed soil stratigraphic description. Site is erosion scarp exposing 
terrace interfluve stratigraphy. See Chapter 1, Section 1.3.1, Figure 1.16 for location.  
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The gully deposit is comprised of silty loess colluvium derived from the surrounding 
slopes, and lacks significant stratigraphy (Figure 3.8). The upper part of the section is 
comprised of an A horizon, with the remainder of the deposit comprised of B horizons 
displaying varying degrees of gleying. Gleyed B horizons indicating prolonged saturation 
occur between c. 0.2-0.9 m (Bg and Bgc), 1.5-1.7 m (Bg2) and 5.3-5.4 m (Bg3) depth. 
Weathered B horizons with evidence of less saturation occur between c. 0.9-1.5 m (Bwg), 
1.7-2.5 m (Bwg2) and 5.4-7 m (bBwg) depth. A heavily reduced Br horizon c. 2.5-5.3 m 
depth indicates continuous saturation. 
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Figure 3.8. Interfluve and gully soil and loess stratigraphy, with bulk density and porosity 
data. Stratigraphic positions of Kawakawa Tephra and IRSL dates are indicated. 
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3.3.2. Dating control  
 
Cryptotephra 
In the interfluve deposit, a significant diffuse (~40 cm thick) cryptotephra peak is centred 
at 0.7 m depth (Figure 3.9). Above this peak minor amounts of tephra are present up to the 
soil surface, and below the peak trace amounts of tephra are present throughout the deposit 
down to 4.6 m. Roering et al. (2002) used a finer sampling increment of 5 cm and 
identified the interfluve emplacement peak at 0.8 m. In the gully deposit cryptotephra is 
present as a significant diffuse peak centred at 2.6 m, with minor peaks above and below 
this (Figure 3.9). Two lesser significant peaks are centred at 1.8 m and 0.8 m. Trace 
amounts of tephra are present throughout the deposit down to 7 m.  
 
A total of 153 tephra shards from 14 horizons (11 in the interfluve, 3 in the hollow) were 
analysed to determine their major oxide composition. All shards were silicic, with SiO2 
values from 78 to 79 weight percent (wt%, Table 3.1), a composition typical of central 
North Island tephras (Ewart, 1963; Froggatt, 1983). Plots of FeO vs. CaO values from this 
study compared with representative samples of six known North Island late Quaternary 
tephras erupted from the Taupo Volcanic Zone (TVZ) indicate that with the exception of a 
few outlier shards that cryptotephra in all horizons is derived from KOT with a calibrated 
age of 27,097 ± 957 cal. yr BP (Lowe et al., in press; Figure 3.9). The shards that deviate 
from the Kawakawa cluster are dispersed among many horizons (Figures 3.10 and 3.11) 
and are therefore inferred to represent outliers rather than a different tephra. 
 
A total tephra inventory for the interfluve over 4.6 m depth was 1,119,075 grains cm-2, 
with most grains occurring in the main tephra peak centred at 0.7 m (Appendix 3a). A 
tephra inventory centred on the main tephra peak in the gully (2.5-3.4 m) was 1,082,141 
grains cm-2 (Appendix 3b). The similar inventories indicate contemporaneous primary 
aerial tephra deposition of similar magnitude at both interfluve and gully sites, and the 
respective peaks are henceforth considered chronostratigraphic tie points. 
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Figure 3.9. Volcanic glass shard concentrations from the interfluve and gully. Arrows 
indicate sample locations for electron microprobe analyses. 
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Table 3.1. Electron microprobe analyses (mean above and standard deviation below) of 
cryptotephra glass shards from the interfluve and gully. 
Site Depth (m) SiO2 Al2O3 TiO FeO MgO CaO Na2O K2O Cl H2O n 
Interfluve 0.6 
 
78.88 
0.32 
12.45 
0.21 
0.14 
0.04 
1.17 
0.09 
0.14 
0.02 
1.10 
0.06 
2.99 
0.20 
2.94 
0.07 
0.18 
0.03 
5.27 
0.90 
12 
 0.9 78.70 
0.22 
12.57 
0.20 
0.14 
0.04 
1.27 
0.11 
0.14 
0.03 
1.10 
0.09 
2.95 
0.19 
2.93 
0.12 
0.19 
0.02 
4.69 
1.00 
12 
 1.3 78.56 
0.28 
12.42 
0.19 
0.14 
0.05 
1.39 
0.15 
0.13 
0.02 
1.07 
0.08 
3.13 
0.24 
2.97 
0.17 
0.19 
0.03 
4.79 
1.02 
13 
 1.7 78.70 
0.31 
12.49 
0.21 
0.13 
0.03 
1.41 
0.14 
0.13 
0.02 
1.10 
0.06 
2.88 
0.17 
2.97 
0.13 
0.19 
0.02 
4.96 
0.80 
12 
 2.1 78.57 
0.35 
12.55 
0.16 
0.13 
0.03 
1.25 
0.14 
0.14 
0.03 
1.08 
0.06 
3.05 
0.31 
3.01 
0.23 
0.21 
0.04 
4.35 
1.16 
12 
 2.5 78.57 
0.29 
12.38 
0.08 
0.13 
0.03 
1.17 
0.09 
0.13 
0.05 
1.08 
0.07 
3.54 
0.20 
2.79 
0.13 
0.20 
0.07 
4.55 
0.46 
10 
 2.9 78.86 
0.46 
12.35 
0.14 
0.11 
0.02 
1.24 
0.09 
0.13 
0.05 
1.05 
0.18 
3.25 
0.31 
2.85 
0.15 
0.18 
0.04 
4.56 
1.08 
10 
 3.3 78.57 
0.29 
12.24 
0.28 
0.12 
0.05 
1.20 
0.07 
0.14 
0.03 
1.06 
0.10 
3.55 
0.23 
2.96 
0.18 
0.17 
0.04 
3.99 
0.96 
10 
 3.7 78.45 
0.47 
12.55 
0.33 
0.15 
0.07 
1.16 
0.09 
0.13 
0.04 
1.04 
0.15 
3.14 
0.26 
3.17 
0.55 
0.19 
0.04 
6.03 
1.48 
10 
 4.1 78.78 
0.33 
12.46 
0.33 
0.11 
0.04 
1.19 
0.20 
0.14 
0.05 
1.05 
0.14 
3.04 
0.19 
3.05 
0.63 
0.18 
0.04 
5.32 
2.05 
10 
 
 
4.5 79.07 
0.60 
12.48 
0.24 
0.12 
0.05 
1.16 
0.12 
0.12 
0.02 
1.11 
0.14 
2.95 
0.50 
2.77 
0.09 
0.21 
0.05 
4.62 
1.32 
 
10 
Gully 1.0 78.76 
0.22 
12.53 
0.13 
0.14 
0.05 
1.20 
0.14 
0.15 
0.03 
1.09 
0.08 
2.97 
0.27 
2.97 
0.16 
0.19 
0.05 
5.13 
0.91 
12 
 2.6 78.70 
0.26 
12.24 
0.11 
0.16 
0.04 
1.27 
0.18 
0.13 
0.03 
1.06 
0.09 
3.24 
0.13 
2.98 
0.12 
0.23 
0.04 
5.90 
0.37 
9 
 6.7 79.33 
0.86 
12.52 
0.19 
0.13 
0.02 
1.27 
0.09 
0.13 
0.05 
1.06 
0.10 
2.61 
0.89 
2.77 
0.17 
0.18 
0.05 
6.19 
1.23 
11 
 
 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
0.6
0.8
1.0
1.2
1.4
1.6
1.8
Fordell 
Mt Curl + Rangitawa
Lower Griffin Rd 
Upper Griffin Rd 
Rotoehu 
KOT 
Unknown - this study
Fe
O
 
(w
t %
)
CaO (wt %)
1
2
3
 
Figure 3.10. Plot of CaO vs. FeO contents of glass shards from the interfluve and gully loess 
deposits (open circles) and CaO vs. FeO contents of known North Island late Quaternary 
rhyolitic tephras (data from P. Shane). Most unknown samples plot close to KOT values 
(solid elipse), while some outliers plot closer to Upper Griffin Road (dashed elipse 1), Rotoehu 
(dashed elipse 2) and Mt Curl + Rangitawa and Fordell (dashed elipse 3) tephras. 
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Figure 3.11. Plot of CaO vs. FeO contents of glass shards extracted from specific depth 
increments in the interfluve loess deposit, and CaO vs. FeO contents of known KOT glass 
shards (data from P. Shane). Depths are: (a) 0.6 m; (b) 0.9 m; (c) 1.3 m; (d) 1.7 m; (e) 2.1 m; 
(f) 2.5 m; (g) 2.9 m; (h) 3.3 m; (i) 3.7 m; (j) 4.1 m; (k) 4.5 m. 
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Figure 3.12. Plot of CaO vs. FeO contents of glass shards extracted from specific depth 
increments in the gully colluvial loess deposit, and CaO vs. FeO contents of known KOT glass 
shards (data from P. Shane). Depths are: (a) 1.0 m; (b) 2.6 m; (c) 6.7 m. 
 
 
Infrared Stimulated Luminescence 
Water contents and radionuclide concentrations are shown in Table 3.2. Dose rate, 
paleodose data and the resulting IRSL ages are listed in Table 3.3. The interfluve IRSL 
sample at 0.9 m depth yields an age of 18.1 ± 1.3 ka. The gully IRSL samples at 1.05, 2.4, 
4.85 and 5.63 m depth yielded stratigraphically consistent ages of 8.75 ± 0.73 ka, 13.1 ± 
1.1 ka, 20.6 ± 1.0 ka and 28.3 ± 1.6 ka, respectively. 
 
 
Table 3.2. Water contents and radionuclide (U, Th, K) concentrations measured by gamma 
spectrometry. 
Site Depth 
(m) 
Lab. 
number 
Water 
content 
δ* 
U (µg/g) 
from 
234Th 
U (µg/g)† 
from 
226Ra, 
14Pb, 
214Bi 
U (µg/g) 
from 
210Pb 
Th (µg/g) † 
from 208Tl, 
212Pb, 
228Ac 
K (%) 
Interfluve 0.90 WLL342 1.223 2.88±0.42 2.57±0.23 2.52±0.41 11.20±0.20 1.94±0.04 
         
Gully 1.05 WLL443 1.222 2.87±0.27 2.38±0.04 2.78±0.25 9.56±0.15 1.94±0.04 
 2.40 WLL444 1.264 3.32±0.27 2.75±0.03 3.38±0.27 10.68±0.12 1.73±0.03 
 4.85 WLL445 1.122 3.43±0.31 3.32±0.05 3.41±0.29 12.41±0.17 2.38±0.05 
 5.63 WLL446 1.145 3.01±0.29 2.71±0.04 3.07±0.26 10.82±0.16 2.07±0.05 
*Ratio wet sample to dry sample weight. Errors assumed 50% of (δ-1). 
†U and Th-content is calculated from the error weighted mean of the isotope equivalent contents. 
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Table 3.3. Measured a-value, equivalent dose (De), cosmic dose rate (dDc/dt), total dose rate 
(dD/dt), and OSL ages. 
Site Depth 
(m) 
Lab. 
number 
a-value* De (Gy) dDc/dt 
(Gy/ka)‡ 
dD/dt 
(Gy/ka) 
OSL-age 
(ka) 
Interfluve 0.90 WLL342 0.072±0.003 68.3±1.7 0.1962±0.0098 3.78±0.25 18.1±1.3 
        
Gully 1.05 WLL443 0.072±0.005 31.1±1.6 0.1922±0.0096 3.55±0.24 8.75±0.73 
 2.40 WLL444 0.095±0.013 47.8±1.3 0.1603±0.0080 3.65±0.29 13.1±1.1 
 4.85 WLL445 0.070±0.005 100.7±2.3 0.1176±0.0059 4.89±0.21 20.6±1.0 
 5.63 WLL446 0.067±0.004 115.0±3.2 0.1073±0.0054 4.06±0.20 28.3±1.6 
*The a-value is a measure of the efficiency of α-radiation (luminescence/dose generated by α-radiation, 
divided luminescence/dose generated by β-radiation). This must be taken into account in the age calculation 
since De is derived from laboratory β-radiation, while the sample in nature was also exposed to α-radiation. †Contribution of cosmic radiation to the total dose rate, calculated as proposed by Prescott and Hutton (1994). 
‡The dose rate dD/dt was calculated using the conversion factors of Adamiec and Aitken (1998). 
 
 
L1 onset using gully infilling rates 
Onset of L1 accumulation, based upon an equivalent festucoid-dominated phytolith 
assemblage (Chapter 4) tie point in the gully, was calculated to be 50.3 ka. The tie point 
was located where festucoid phytoliths increased in abundance in L1 at 1.5 m depth and in 
the gully deposit at 6.8 m depth. 
 
3.3.3. Loess Mass Accumulation Rate 
Loess MAR for the interfluve subsequent to Kawakawa Tephra deposition is 90 g m-2 yr-1 
(Table 3.4). Mass accumulation rates calculated for other South Island sites are also 
presented in Table 3.4. The Charwell loess MAR falls at the lower end of the range of 
South Island loess MARs. 
 
Table 3.4. Post-KOT loess MARs for Charwell Basin and selected South Island sites. 
 
Site Mass Accumulation Rate (g m-2 yr-1) 
  
Charwell 90a 
Cliffs 60b 
Marfell Downs 360c 
Marama 132d 
Cust 130c 
Ahuriri Quarry 163e 
Darling 70c 
Muritai 150c 
Stewart’s Claim 100c 
Kingston Crossing 211f 
a
 Calculated using KOT depth of 0.8 m and average bulk density of 1.8 g cm-3. 
b
 Calculated using KOT depth of 0.6 m and assumed average bulk density of 1.6 g cm-3 from Eden (1989). 
c
 From Eden and Hammond (2003). 
d Calculated using KOT depth of 1.25 m and assumed average bulk density of 1.8 g cm-3 from Eden (1989). 
e
 Calculated using KOT of 1.45 m and average bulk density of 1.5 g cm-3 from Almond et al. (2007). 
f
 Calculated using KOT depth of 1.75 m and assumed average bulk density of 1.5 g cm-3 from Eden and 
Hammond (2003). 
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3.3.4. Phosphorus 
The mean PT value (n=2) for unweathered Charwell River silt-sized sediment was 836 µg 
g-1. Interfluve P fractions (µg g-1) and P fractions as percentages of PT are shown in relation 
to soil and loess stratigraphy in Figure 3.6. For L1, Total P decreased from 498 µg g-1 at 
the top of the Ah horizon (soil surface) to 169 µg g-1 at 0.4 m depth in the Bwg horizon, 
then increased to a maximum of 505 µg g-1 at 0.9 m (Btg horizon), then decreased to 405 
µg g-1 in the Bx(g) horizon at the base of L1 (1.75 m). Phosphorus fractions in the upper 
0.5 m of L1 were dominated by POcc, with PCa and PFe/Al showing a slight decrease from the 
top of L1 to 0.2 m before increasing from 0.3 m. Below 0.5 m the percentage of PCa and 
PFe/Al increased to a maximum of 22% and 38%, respectively, at 1.1 m, but POcc continued 
to dominate PT. Organic P comprised 30% of PT at the soil surface then decreased to 4% at 
0.4 m. Organic P peaked in concentration at ~0.8 m, coincident with the KOT 
emplacement horizon, but peaked in relative abundance ~10 cm above, then decreased 
significantly at 1.1 m. Organic P reappeared as a significant component at 1.75 m, 
coinciding with the top of the first buried soil, and increased through the L1/L2 transition. 
The L1/L2 transition saw a continued decrease in PT through the bB(g)w horizon to 130 µg 
g-1 at 2.1 m, then a subsequent increase to 208 µg g-1 toward the base of L2 in the bBt(g) 
horizon. At the top of L2 P fractions were dominated by POcc (58%), followed by the PFe/Al 
(28%), POrg (11%) and PCa (3%) fractions, respectively. At 2.1 m PCa, PFe/Al and POrg 
increased sharply at the expense of POcc, but at the bottom of L2 fraction percentages were 
similar to the top of L2. The L2/L3 transition at 2.8 m saw a slight increase in PT before 
subsequent decreases in the b2Btgc1 and b2Btgc1 horizons. Total P peaked again at the top 
of the b2Btg horizon at ca. 3.8 m, before decreasing to 221 µg g-1 at 4.1 m, then increased 
to 292 µg g-1 at the base of L3. Phosphorus fractions were largely dominated by POcc, 
which peaked at 70% of PT at 3.7 m, and PFe/Al comprised the second dominant fraction 
with a peak of 55% at 3.1 m. These two peaks in absolute concentrations coincide with two 
distinct peaks in relative abundance of POrg. Apatite P (PCa) comprised a relatively low 
percentage of PT in the upper half of L3, but increased to between 16% to 19% from 3.9 m 
to the base of L3.  
 
Phosphorus patterns in relation to loess and soil stratigraphy can be summarised as 
follows: PCa makes up a considerable component of the least weathered, lower subsoil 
peaks in each loess sheet; POcc reaches maxima in horizons persisting at the surface for 
long periods and in deep subsoils (e.g. Bwg, Bxg), and minima in gleyed upper subsoil 
horizons (e.g. Btg, Bcg); PT and PCa are lower in L2 and L3 suggesting they are more 
weathered than L1, and the very low PCa and high proportion of POcc in the upper part of L3 
 113 
suggests these are the most weathered horizons of all. Organic P makes up high 
proportions of PT at the modern soil surface and surfaces of buried soils. Organic P showed 
a broad peak centred at the L2/L3 boundary that overlapped with relatively high levels in 
the base of L2. A secondary peak occurred at 3.5 m in the b2Btgc2 horizon.  
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Figure 3.13. Interfluve phosphorus fraction data presented as absolute values (centre) and 
percentages of total values (right). Soil stratigraphy and loess sheet delineations are presented 
on the left. PT = total P, PCa = apatite P, PFe/Al = Fe- and Al-bound P, POcc = occluded P, POrg = 
occluded P. Also shown is the value (PT) of river silt parent material, and the stratigraphic 
location of the KOT peak (solid line). 
 
The calculated PIs for the Charwell loess sheets were 0.59 for L1 and L2, and 0.76 for L3 
(Table 3.5). 
 
Table 3.5. Pedogenic indices (PI) for L1, L2 and L3 based on P
 
data. 
Loess Sheet Summed Weathering Index 
D
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i
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Loess Sheet Thickness (m) PI 
1 103 1.75 0.59 
2 62 1.05 0.59 
3 152 2.00 0.76 
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3.4. Discussion 
 
3.4.1. Luminescence and tephra interpretations 
While the IRSL ages from the gully are stratigraphically consistent, and the IRSL age of 
8.75 ± 0.73 ka at 1.05 m depth at the grassland-shrubland/forest transition (see Chapter 4) 
coincides with the ~9 ka radiocarbon age of this transition on the eastern South Island 
determined by McGlone (1988), the derived ages bracketing the KOT are inconsistent with 
the most recently calibrated 14C age of 27,097 ± 957 cal. yr BP (Lowe et al., in press). In 
the gully at 2.40 m depth, 20 cm above the main KOT cryptotephra concentration, the 
IRSL age is 13.1 ± 1.1 ka, while the interfluve sample at 0.90 m depth – 10 cm below the 
main KOT cryptotephra concentration – returned an IRSL age of 18.1 ± 1.3. Both of these 
are significant underestimates of the calibrated radiocarbon KOT age. This IRSL 
underestimation was seen in carbonate-rich loess deposits at Ahuriri Quarry, Banks 
Peninsula, where an IRSL age of 17.3 ± 1.0 ka was determined from 40 cm below the 
maximum cryptotephra concentration (Almond et al., 2007). As with the Ahuriri Quarry 
site, misidentification of KOT in Charwell Basin is unlikely judging from glass chemistry, 
and the fact that KOT is the only tephra of late last glacial age known to have been 
deposited in the South Island (Campbell, 1986; Wilson, 2001). The two lowermost gully 
IRSL ages of 20.6 ± 1.0 at 4.85 m depth and 28.3 ± 1.6 ka at 5.63 m depth must also be 
considered suspect. In light of these problematic discrepancies, IRSL is considered 
unreliable for age control of the Charwell loess deposits, and these ages will not be used 
for interpretation of landscape and ecosystem responses to late Quaternary climatic change 
in Charwell Basin. These results raise further questions on the accuracy of IRSL dating in 
New Zealand loess and add emphasis to the suggestion by Almond et al. (2007) that more 
luminescence analysis of independently dated sections, complemented by detailed studies 
of the luminescence systematics, are necessary to resolve the problem of IRSL age 
underestimation before the technique can be reliably applied to produce accurate results in 
New Zealand loess landscapes. 
 
The main tephra peaks in the interfluve and gully, and shards from all other analysed 
horizons, are KOT. In both the interfluve and gully sites low concentrations of 
cryptotephra occur above the primary emplacement horizons, presumably due to upwards 
mixing via bioturbation coeval with loess accumulation on the interfluve, and re-deposition 
of exhumed tephra in the gully. However, trace amounts of KOT are found below the 
primary emplacement horizons throughout both records (down to 4.6 m and 7.0 m in the 
interfluve and gully deposits, respectively). The confirmation here of KOT cryptotephra at 
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such depths in South Island loess deposits is unprecedented and demonstrates significant 
vertical redistribution through dense subsoil horizons, most likely through soil macropores 
between prismatic soil structural units. This necessitates the presence of a continuous and 
connected network of macropores at least ≥63 µm in diameter throughout the loess 
column. Tephra shards from the bottom of the interfluve loess column can reach up to 250 
µm on their long axis (Figure 3.14) and depending on shard orientation within the 
macropore may require macropore diameters to be at least this size to accommodate 
vertical translocation. Pore size distributions calculated for similar soils (Perch-gley Pallic 
Soils – Fragiaquepts and Fragriaqualfs) in other South Island regions indicate the presence 
of macropores (60 µm) extending through dense fragic horizons of otherwise low porosity 
(Watt, 1977). While the porosity decreases with depth in the interfluve and gully sections 
(Figure 3.8), soil morphological evidence clearly shows networks of both horizontally and 
vertically orientated grey veins, indicating zones of preferential flow, and which may act as 
conduits for tephra translocation. Another potential mechanism of vertical translocation is 
the decay of roots leaving voids filled in by material from above. Phytolith data show the 
presence of shrubs and possibly trees at the site at time of KOT deposition (Chapter 4), 
lending plausibility to this scenario.  
 
 
30 µm
30 µm 30 µm
60 µm
T T
T T
 
 
Figure 3.14. Tephra shards (T) from the interfluve at 4.6 m depth, illustrating variation in 
size and shape. 
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The presence of outlier tephra shards, and the fact of significant vertical translocation, 
warns against making inferences about the presence of older tephras in South Island loess 
deposits on the basis of few shards. Figures 3.10 and 3.11 demonstrate, for example, how 3 
grains as analysed by Eden et al. (1992) could easily be KOT outliers and yet be 
interpreted as belonging to another, older tephra. The isochron thus established would be 
completely spurious. Outliers probably represent element loss through weathering in the 
soil environment, or heterogeneity in the original tephra shard chemistry. Recent 
investigations by Shane et al. (in press) demonstrated that both geochemical and 
mineralogical heterogeneity occurs vertically and laterally in individual tephra deposits due 
to multiple magma compositions, magma mingling and syn-eruption dispersal change. 
Shane et al. (in press) concluded that it is difficult to geochemically document with 
confidence distal tephras using only small sample numbers of restricted dispersal, and to 
assess whether or not a newly discovered tephra represents a correlative of a previously 
known proximal deposit. This is particularly pertinent to the South Island cryptotephra 
deposits which lie at the distal margins of North Island eruptive sequences, and the further 
south samples are collected the more problematic confidence in correlations become. 
Accordingly the identifications of Griffin Road and Mt. Curl/Rangitawa Tephras in the 
Southland loess deposits (Eden et al., 1992) must be treated with caution. The presence of 
significant outlier shards from the Charwell deposits (Figures 3.10 and 3.11) emphasises 
the possibility of tephra misidentification based on analyses of small shard numbers. More 
research extending that of Shane et al. (in press) is required to determine optimum South 
Island cryptotephra sample sizes for confident correlation with proximal deposits. 
Chronostratigraphic correlation between interfluve and gully loess deposits in Charwell 
Basin and selected South Island sites using the KOT, with degree of confidence in KOT 
identification, is presented in Figure 3.15. 
 
 
Figure 3.15 (next page). Chronostratigraphic correlation between interfluve and gully loess 
deposits in Charwell Basin and selected South Island sites using the KOT. Except for the 
Darling, Awatere Valley and Muritai sites, loess chronology is supplemented by TL and IRSL 
data. The Ahuriri Quarry site also has calibrated 14C data from pedogenic carbonate, which 
post-dates loess deposition. Stewart’s Claim and Kingston Crossing sites also have Upper and 
Lower Griffin Road Tephras and Rangitawa Tephra present according to Eden et al. (1992), 
but these correlations must be treated with caution. Loess stratigraphic and dating data after 
Bruce (1973a), Runge et al. (1974), Goh et al. (1978), Berger et al. (2001a; 2001b; 2002) and 
Almond et al. (2007). 
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3.4.2. Pedogenic interpretation of phosphorus data 
Phosphorus data are in good agreement with morphological identification of buried soils. 
The pattern in the surface soil of high PT in the Ah horizon, low in the Bwg horizon and 
increasing into the Bx(g) is repeated in the two buried soils in L2 and L3, albeit with 
smaller amplitudes of variation. Peaks in concentration and proportion of POrg in the 
surface soil are also replicated in L2 and L3 and appear to be good criteria for identifying 
horizons at the surface for long periods. The double peak in POrg in L3 suggests this soil 
may well be composite in nature with pedogenesis in the increment 2.7-3.0 m overprinting 
a soil formed in the 3.0 to 4.0 m increment so that they are, in the terminology of Ruhe and 
Olson (1980), welded and indistinguishable on morphological criteria alone. The peak in 
POrg around the depth of KOT is of particular interest and is perhaps evidence of a break or 
slow-down in loess accumulation coeval with that demonstrated in loess in Westland 
(Almond et al., 2001; Suggate and Almond, 2005). This is the first evidence for a break at 
this time in east coast South Island loess. If this break were confirmed in other South 
Island loess sections it would indicate that aggradation in rivers east and west of the 
Southern Alps occurred contemporaneously, and therefore was a response to similar 
climatic controls. 
 
The values of PT in the subsoils of L1 and buried soils are lower than that of the inferred 
parent material (Figure 3.13) and highlight the reduction of PT by weathering during the 
upbuilding phases of pedogenesis. Unlike the lower rainfall region of Timaru (mean annual 
rainfall 600 mm), significant depletion of PT appears to occur at Charwell (mean annual 
rainfall 1000-1400 mm) during loess accumulation as it does in the high rainfall region of 
Westland (Almond and Tonkin, 1999). In addition, the amplitudes of PT peaks at Timaru 
are similar (Figure 3.6b), indicating that individual loess sheets appear to be essentially 
hermetically sealed from pedogenic processes occurring above due to their thickness and 
the lower rainfall.  
 
The PDIs indicate that the surface soil and the soil in L2 have a similar degree of 
pedogenic alteration, which is significantly less than that of the composite soil in L3. 
Assuming the PDIs are dominated by effects related to pedogenesis in the topdown phase 
when loess accumulation slowed down or ceased, it appears that the time interval between 
the cessation of L2 accumulation and the onset of L1 accumulation was similar to the 
period since L1 cessation, a period of ca. 10 ka. The PDI of the soil in L3 is significantly 
greater than for L1 and L2 (0.76 versus 0.59). Acknowledging the tendency for the PDI to 
increase logarithmically (Birkeland, 1999), the value of 0.76 probably represents a 
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significantly longer duration of pedogenesis than for L1 and L2. The P data suggest, 
however, that this period may have been divided into two phases of topdown pedogenesis 
punctuated by a period of loess accumulation and upbuilding pedogenesis amounting to a 
thickness of loess of ~0.5 m. 
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Figure 3.16. Locations of New 
Zealand regions and sites 
mentioned in the text. 
 
 
3.4.3. Charwell Basin loess chronology 
Based on phytolith-based correlation of the gully deposit with the interfluve, and gully 
infilling rates (Chapter 5), L1 is inferred to have been accumulating since at least ca. 50 ka. 
Using the post-KOT MAR of 90 g m-2 yr-1, an independent estimate of ca. 50 ka is also 
arrived at for onset of L1 accumulation. The estimated age of ca. 50 ka for L1 onset 
contrasts significantly with Bull’s (1991) alluvial aggradation chronology (Chapter 1, 
Section 1.3.1; Chapter 2) and invalidates the assumption of synchronicity between local 
aggradation and loess accumulation events in Charwell Basin. Bull (1991) estimated the 
period of the Stone Jug aggradation (Chapter 2) as 26-14 ka based on weathering rind ages 
from boulders on the Stone Jug surface, and occurrence of KOT near the base of the 
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aggradation alluvium. Even allowing for a recalibration of the age of the KOT, the base of 
the Stone Jug alluvium could be little more than ca. 30 ka. This mismatch in age of L1 and 
Stone Jug alluvium, and the presence of sponge spicules in L1 (Chapter 4), point to the 
loess being of regional rather than solely local origin. Silt blown from the fan forming 
during the Stone Jug aggradation would almost certainly have contributed to L1, but earlier 
river aggradation elsewhere on to an extended coastal plain must have contributed. This 
source, given the prevailing atmospheric circulation across New Zealand (Shulmeister et 
al., 2004), was probably to the west, perhaps the Wanganui Basin/Tasman Bay area. 
 
Deep Sea Drilling Project (DSDP) site 594 (45°31.41’S, 174°56.88’E; Figure 3.16), east of 
New Zealand’s South Island, records the clastic aeolian sediment from the South Island’s 
east coast carried by westerly winds. The core shows a distinct change from low but 
variable clastic content between 60-50 ka to considerably higher clastic content by 43 ka at 
the latest (Figure 3.17c). If loess sources adjacent to the northern South Island behaved 
similarly to those supplying DSDP site 594, L1 at Charwell may be represented in DSDP 
site 594 by the broad clastic peak between 43 and 10 ka. The position of KOT within, and 
thickness of, L1 at Charwell when compared to Marlborough (Figure 3.15) suggest loess 
accumulation rates were greater in the latter region. This may be because these latter sites 
were close to the loess source. The resolution of the soil- and loess stratigraphy is also 
greater, suggesting that L1 at Charwell is perhaps a compressed equivalent of L1 and L2 at 
Marlborough (Figure 3.17f). The younger Rata and Ohakea loesses of southern North 
Island (Palmer and Pillans, 1996; Milne, 1973b) together appear to be correlatives of L1 at 
Charwell (Figure 3.17f). 
 
In the absence of any numerical ages for L2, it is assigned to late MIS 5/MIS 4 by 
correlation with the clastic peak in DSDP site 594 between 60 and 77 ka (Figure 3.17c). A 
loess sheet of this age is recognised in Marlborough, north-east Southland and southern 
North Island (Figure 3.17f). The interval implied between cessation of L2 accumulation 
and L1 onset is ca. 10 ka, which is the same as the period of topdown pedogenesis (ca. 10 
ka) in L1, consistent with the similarity of the PDIs for L1 and L2. Age assignment of L3 
is highly speculative. Clastic peaks prior to 75 ka in DSDP site 594 appear between 85-92 
ka in MIS 5b and prior to 130 ka (MIS 6). Correlating loess to these periods (L3a and L3b, 
Figure 3.17d) results in a duration for topdown pedogenesis of ca. 48 ka over the periods 
130-92 ka and 88-75 ka. Whether or not this period is consistent with the PDI for L3 of 
0.76 versus 0.59 for the 10 ka period of topdown pedogenesis in L1 is not known. None the 
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less, the two L3 accumulation phases are assigned to 85-92 ka and 130-145 ka, 
respectively. 
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Figure 3.17. Stratigraphic relationships between Charwell Basin loess deposits and regional 
records. (a) Antarctic Vostok δD record (Petit et al., 1999, 2001). (b) DSDP site 594 faunal-
based SST record (from Barrows et al., 2007). (c) DSDP site 594 clastic sediment content 
(from Barrows et al., 2007). (d) Charwell Basin loess, and pedogenesis phases (after Almond 
and Tonkin, 1999). (e) Charwell Basin alluvial aggradation phases, from Bull (1991). (f) 
Other New Zealand loess/aggradation phases from Marlborough (Eden, 1987), north-east 
Southland (McIntosh et al., 1990), Wanganui (Palmer and Pillans, 1996) and Rangitikei 
(Milne, 1973a). 
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3.5. Conclusions 
 
Soil-stratigraphic interpretation of a loess column on a dissected loess-mantled terrace in 
Charwell Basin has revealed three separate loess sheets (L1, L2 and L3) constituting a 
fragmentary record of late Quaternary loess sedimentation and pedogenesis via 
glacial/stadial upbuilding and interglacial/interstadial topdown processes. A colluvial gully 
record contemporaneous with L1 was also described. Infrared-stimulated luminescence 
results from both L1 and the gully appear to significantly underestimate loess ages with 
respect to the 27,097 ± 957 cal. yr BP KOT, and were not used for loess 
chronostratigraphy. The identification of the primary emplacement horizon of the KOT 
enabled L1 to be definitively correlated with equivalent loess sheets around South Island. 
There has been significant vertical redistribution of KOT shards via soil processes. This 
translocation, in combination with the presence of outlier shard chemistries, shows that 
fingerprinting of distal tephra deposits based on small sample sizes can lead to erroneous 
stratigraphic correlations. 
 
Independent estimates based on gully infilling rates and post-KOT MAR both determined 
an age of ca. 50 ka for onset of L1 accumulation in Charwell Basin, confirming the 
diachronous nature of the base of L1 in South Island. L1 accumulation persisted through 
the period 50-30 ka in MIS 3. A lack of strong evidence for glaciation in the mountains to 
the west at this time (Bull, 1991; Bacon et al., 2001; Shulmeister et al., 2005) suggests 
loess accumulation is, like in the North Island, to some extent independent of glaciation. A 
much greater duration for accumulation of L1 (50-11 ka) than for the Stone Jug 
aggradation described by Bull (1991) implies the local aggradation was not the major loess 
source. Older aggradation gravel packages mantled by L1 cannot be the source, and the 
relationship between L1 and the Charwell Basin terraces suggests Bull’s (1991) 
aggradation chronology underestimates terrace ages. The presence of sponge spicules in 
the loess (Chapter 4) demonstrates that aeolian material from farther afield contributed to 
loess accumulation, and that L1 represents a regional loess signal. 
 
Phosphorus fraction data show distinct periods of topdown pedogenesis indicative of 
slowing or cessation of loess accumulation in interglacial/interstadial periods. This is 
evident in the surface soil and buried soils, as well as at the time of the KOT where no soil 
stratigraphic break is evident. A slow-down in accumulation with an associated buried soil 
was seen in Westland. This is the first documentation of a post-KOT break in loess 
accumulation to the east of the Southern Alps, and possibly corresponds to eLGM 
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interstadial conditions. Soil morphological and pedogenic data show that L3 is probably a 
welded composite soil, having undergone at least two phases of upbuilding and prolonged 
topdown pedogenesis. In the absence of numerical ages, both L3 and L2 are assigned to 
periods of high clastic sediment input to DSDP site 595. The two upbuilding phases of L3 
are thus assigned to clastic peaks in late MIS 6 and MIS 5b, respectively. L2 is assigned to 
late MIS 5/MIS 4.  
 
This is the first detailed long late-Quaternary chronology developed for Charwell Basin, 
and provides the chronological framework for paleoenvironmental interpretation of 
biogenic silica microfossil data presented in Chapter 4. 
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Chapter 4 
 
Reconstructing late Quaternary environmental change in 
Charwell Basin, South Island, New Zealand – Part 2: 
Interpretation of biogenic silica microfossils 
 
 
4.1. Introduction 
 
4.1.1. General introduction 
Recent interpretations of New Zealand’s late Quaternary paleoenvironmental record have 
shown that the conventionally accepted definitions of Last Glacial Maximum (LGM) 
duration and conditions based on Northern Hemisphere records are not applicable in the 
New Zealand region. Mix et al. (2001) defined the LGM chronozone as the interval 
between 24,000 and 18,000 cal. yr BP based on determinations of maximum global ice 
volumes, while recognising that it is unlikely that all ice sheets and glaciers reached 
maxima at the same time. In New Zealand, an extended LGM (eLGM; Newnham et al., 
2007a) has been defined based on timing of glacial advances and paleoecological 
reconstructions. In Westland in New Zealand’s South Island, Almond et al. (2001) and 
Suggate and Almond (2005) recognised three distinct LGM glacial advances based on 
stratigraphic and geomorphic evidence, which are estimated to have culminated at 28, 22 
and 19 ka, respectively. Suggate and Almond (2005) used the first and last of these to 
constrain the New Zealand LGM, and in addition recognised a period of climatic 
amelioration between the first and second ice advances ca. 28-25 ka which was also 
recognised in Westland pollen records (Vandergoes et al., 2005; Newnham et al., 2007b). 
This record of an eLGM characterised by a complex structure including an eLGM 
interstadial is supported by vegetation and temperature reconstructions in Westland (Burge 
and Shulmeister, 2007), Marlborough (Marra et al., 2004), and Canterbury (Soons and 
Burrows, 1978; Marra et al., 2006; Woodward and Shulmeister, 2006) and by pollen 
records in Auckland (Newnham et al., 2007a). As described by Newnham et al. (2007a), 
earlier North Island studies (e.g. McGlone and Topping, 1983; McGlone et al., 1984; 
Alloway et al., 1992; McGlone, 2001) also attest to pronounced cooling ca. 29 ka as well 
as interstadial conditions around the time of the Kawakawa/Oruanui Tephra (KOT), 
reflecting a widespread climatic signal, although this contrasts with the interpretations of 
Pillans et al. (1993) who inferred cold, dry climate in the periods following the KOT. 
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The eLGM and its fluctuating stadial/interstadial periods have been incorporated into the 
most recent New Zealand Integration of Ice Core, Marine and Terrestrial Records working 
group (NZ-INTIMATE) climate event stratigraphic framework (Alloway et al., 2007; 
Newnham and Alloway, 2007). One of the fragmentary Quaternary terrestrial records 
identified by the NZ-INTIMATE group as important for paleoenvironmental 
reconstruction is loess, which constitute one of the most extensive Quaternary deposits in 
the South Island of New Zealand (Alloway et al, 2007; see Eden and Hammond, 2003 and 
Schmidt et al., 2005 and references therein). While most South Island studies have 
focussed on the timing of loess accumulation (Young, 1964; Bruce, 1973a, b; Griffiths, 
1973; Runge et al., 1974; Tonkin et al., 1974), only a few have focussed on 
paleoenvironmetal data contained within the loess itself (e.g. Almond et al., 2001, 2007). 
Most loess deposits are oxidising environments in which pollen and other carbon-based 
fossils do not persist. Paleovegetation studies in loess landscapes have therefore generally 
focussed on phytoliths (e.g. Imbellone and Teruggi, 1993; Tungshen et al., 1996; 
Blinnikov et al., 2002). In New Zealand, the work of Raeside (1964, 1970), Weatherhead 
(1988) and Kondo et al. (1994) established the near ubiquity of phytoliths in New Zealand 
soils and sediments, and phytoliths have been used alone or in combination with other 
 133 
proxy data in various paleoenvironmental studies (Sase et al., 1987; Almond et al., 2001; 
Shulmeister et al., 1999, 2001; Carter, 2000, 2002; Carter and Lian, 2000; Soons et al., 
2002). While attempts to derive quantitative reconconstructions of paleotemperature and 
paleoprecipitation in New Zealand using phytolith transfer functions in a manner 
analogous to Marra et al. (2006) and Woodward and Shulmeister (2006) have not proved 
to be very successful (Prebble et al., 2002; Prebble and Shulmeister, 2002), most research 
has demonstrated the utility of phytoliths for reconstructing past shifts in vegetation 
communities. The site-specificity of phytoliths records are also useful for comparison with 
regional records based on pollen studies. Loess deposits and soils also contain diatom 
remains (Raeside, 1964, 1970; Weatherhead, 1988) which provide important information 
on soil saturation status, temperature and chemistry of the local environment at the time of 
sediment deposition (van Dam et al., 1994). 
 
In Chapter 3 a late Quaternary chronostratigraphic framework was presented for the 
Charwell Basin loess deposits. In this companion Chapter paleovegatation is reconstructed 
for this period using phytoliths from these loess sheets, and soil diatoms and siliceous 
sponge spicules are also used in paleoenvironmental interpretation. Interpretations will be 
placed in the context of late Quaternary regional climatic changes and the NZ-INTIMATE 
climate event stratigraphy covering the eLGM and the Last Glacial-Interglacial Transition 
(LGIT). Presented below is a review of biogenic silica, followed by a statement of the aim 
and objectives of this study. 
 
4.1.2. Biogenic silica 
Biogenic silica produced by vascular plants, diatoms and siliceous sponges is ubiquitous in 
soils and sediments found on all continents (Clarke, 2003). For comprehensive reviews of 
silica in various biological systems see Simpson and Volcani (1981), and for silica in soils 
see Drees et al. (1989). While biogenic silica bodies produced by vascular plants have in 
the past been variously referred to as opal phytoliths, biogenic opal, or plant opal, in this 
study they will be termed simply phytoliths (from Greek = plant stone). Phytoliths form 
through the uptake of silicic acid [Si(OH)4] in soil solution by plants through the 
transpiration process. Once in the plant body Si(OH)4 precipitates as hydrated amorphous 
SiO2 within and between plant cell walls and within cellular vacuoles. Individual silica 
bodies can take on the shape of the voids they fill, or instead only partially silicify the 
original cell configuration (Piperno, 1988), and these shapes are largely unique to different 
plant types (i.e. trees versus grasses). Upon death and decomposition of the plant, the 
resistant phytoliths are released to and incorporated within the soil environment. The 
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degree to which phytoliths develop within plants relates to a variety of factors including 
climate, nature of the soil, amount of available soil water, plant age and plant taxonomic 
affinity. This latter factor is perhaps the most important as there are consistent differences 
in phytolith production between different plant family groups (Piperno, 1988). For a 
comprehensive and detailed treatment of phytolith formation, variability between plant 
taxonomic groups, extraction and analysis, see Piperno (1988). 
 
The work of Raeside (1964, 1970) and Weatherhead (1988) established the ubiquity of 
phytoliths in New Zealand soils, and Kondo et al. (1994) provided the first treatment of 
phytoliths extracted from New Zealand native plants. A more recent contribution by Marx 
et al. (2004) characterised modern phytolith assemblages extracted from tussock grasses. 
The potential of phytoliths for paleoecological reconstruction has been recognised at least 
since the work of Rovner (1971), and a range of phytolith-based paleoenvironmental 
reconstructions have been conducted in New Zealand using either phytoliths alone or 
complementing other proxy paleoenvironmental data (Almond et al., 2001; Carter, 2000, 
2002; Carter and Lian, 2000; Horrocks et al., 2000; Prebble et al., 2002; Prebble and 
Shulmeister, 2002; Sase et al., 1987; Shulmeister et al., 1999, 2001; Soons et al., 2002). 
Phytoliths are particularly useful for paleoecological reconstructions for areas where no 
other paleobotanical data exist, such as well drained loess deposits in which pollen is 
inevitably oxidised. Another key attribute of phytoliths relevant to paleoenvironmental 
reconstruction is that they are conventionally considered to represent an in situ 
paleobotanical record as opposed to pollen which, due to its specific adaptation to wind 
dispersal, reflects more regional vegetation communities. However, some of the earliest 
observations of phytoliths were by Charles Darwin aboard the HMS Beagle who recounted 
the accumulation of siliceous plant material in the ship’s sails far offshore (Piperno, 1988), 
demonstrating that significant wind dispersal can occur. The presence of siliceous sponge 
spicules identified in this study (see below) which are clearly sourced far from the study 
site, shows that post-depositional regional redistribution of biogenic silica due to wind 
deflation and transport is a real effect. In addition, although Piperno (1988) stated that 
vertical phytolith redistribution within soils is not so significant as to confound 
paleoenvironmental interpretations, the soil bioturbation processes known to occur under 
most terrestrial ecosystems (Section 1.2.1) will undoubtedly affect observed soil phytolith 
assemblages, although no quantification of such influences has been made. For this study it 
is assumed that the overall phytolith assemblages are representative of in situ vegetation 
with minimal input from elsewhere, and the vertical distribution of phytoliths in the loess 
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deposits studied (Chapter 4) is a legacy of in situ release of phytoliths to the soil that has 
occurred coevally with soil bioturbation. 
 
Although in the past grasses have been presumed to be more prolific phytolith producers 
than trees, Piperno (1988) showed that both poor and abundant phytolith production can 
occur within these groups. Unfortunately no detailed systematic investigation of relative 
phytolith production between New Zealand native trees and grasses has been conducted. 
However, the work of Underwood (2006) strongly implies differential phytolith production 
between tussock grasslands and Nothofagus-dominated forest. Underwood characterised 
soil phytolith assemblages along a transect traversing a treeline ecotone from mature 
Nothofagus forest to alpine tussock grassland and found that under forest, which has 
presumably been present at the site for much of the Holocene, spherical verrucose 
phytoliths characteristic of Nothofagus (Kondo et al., 1994) comprised ~15% of the 
assemblage. The remainder of the phytolith assemblage was comprised of tussock 
grassland morphotypes. Since the soils at this locality are unlikely to predate the Holocene, 
grass phytoliths are probably not inherited from earlier soils and were perhaps transported 
from elsewhere via wind or soil transport processes. Although Underwood’s (2006) ~15% 
threshold is site-specific and remains to be validated at other localities, it has significant 
implications for phytolith-based paleoecological reconstructions in New Zealand, and 
implies that forested areas may have been more widespread than simple determinations of 
percentage tree/grassland morphotype composition suggest.  
 
The other significant biogenic silica component used in this study is the frustules (or shells; 
Crawford, 1981) of soil diatoms. Diatoms are another microscopic feature of soils found in 
New Zealand (Raeside, 1964, 1970; Weatherhead, 1988). Unlike the relationship between 
phytoliths and plants, the silica utilised by diatoms is fundamental to their survival: 
diatoms utilise silicon for their cellular metabolism, possibly the formation of the organic 
casing surrounding the living diatom, and the formation and deposition of the siliceous 
frustule itself (Sullivan and Volcani, 1981). Accordingly, diatoms have evolved the ability 
to capture and accumulate Si(OH)4 from very dilute solutions in both marine and 
freshwater aquatic systems (Sullivan and Volcani, 1981). In this study, diatom frustules 
have been identified throughout a large portion of a colluvial loess deposit, and reflect the 
presence of ponded fresh water at the soil surface. The very presence of diatoms indicates 
the soil saturation status and presence of Si(OH)4 in solution, and the genera concerned are 
a qualitative guide to paleoenvironments and salinity (van Dam et al., 1994), and 
accordingly paleoclimatic inferences can be drawn. Also present in the loess deposits in 
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trace amounts are sponge spicules. These are obviously sourced from coastal areas, and 
their presence provides evidence of past wind strength and direction. 
 
4.1.3. Aims and objectives 
As presented in Chapter 3, pedogenesis data from the Charwell Basin loess deposits 
suggested interstadial conditions around the time of the KOT, and showed distinct soil 
upbuilding and topdown phases, corresponding to alternating glacial-interglacial climate 
regimes, from MIS 6 to the present. The aims of this study are: 1) to investigate whether 
the eLGM with its post-KOT interstadial, identified in other New Zealand late Quaternary 
records, is manifest in North Canterbury in a long colluvial record covering the period 30-0 
ka; 2) to reconstruct ecosystem changes over the period represented in the Charwell Basin 
loess stratigraphy, and to assses spatial heterogeneity in paleovegetation between interfluve 
and gully landforms; 3) to provide a gully vegetation record for investigating the effects of 
ecoystem shifts on  soil transport rates (Chapter 5). The objectives are 1) to reconstruct 
site-specific vegetation changes in Charwell Basin using phytoliths and 2) to use soil 
diatoms to reconstruct local hydrological changes. 
 
 
4.2. Methods 
 
4.2.1. Sampling and preparation 
All biogenic silica samples were collected by hand auger in 10 cm increments from the 
interfluve and gully in the manner used for cryptotephra and phosphorus sampling 
described in Chapter 4 Section 4.1. Samples were dried for three days at 35°C, then 
crushed and sieved to 2 mm. 
 
4.2.2. Biogenic silica analyses 
For the interfluve record samples were analysed at every 10 cm increment for the top 1 m 
to achieve adequate resolution for identifying the LGIT, then at every 20 cm for the 
remainder of the loess column. Samples from the gully were analysed at every 20 cm. 
Phytoliths were extracted using methods adapted from Piperno (1988), Almond et al. 
(2001) and Carter (2002). Each 20 g sub-sample was treated for removal of organic matter 
and oxides as described in Chapter 3 for tephra analysis. Samples were wet sieved to <250 
µm and clays were removed by dispersion, settling and careful removal of the supernatant. 
Samples were then thoroughly mixed in a sodium polytungstate solution with density of 
2.35 g cm-3, and centrifuged at 1000 rpm for 10 minutes. Material of density ≤2.35 g cm-3 
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was removed by pipette and cleaned with deionised water, and a small amount was applied 
to microscope slides using a disposable pipette. Microscope slides were placed under a 
heat lamp to accelerate water evaporation, and when dry, cover slips were mounted using 
Canada balsam. Overall phytolith preservation in the gully was good. Phytolith 
preservation in the upper part of the interfluve was good but declined with depth. 
Identification and origin of phytoliths was judged by comparison with the identifications 
and interpretations of Kondo (1994), Almond (1997), Carter (2000, 2002), Carter and Lian 
(2000), Almond et al. (2001) and Marx et al. (2004). Counts of at least 300 identifiable 
morphotypes per sample were converted into percentages for each form and plotted as 
stratigraphic frequency diagrams. Phytolith extraction procedures also extracted whole and 
fragmented soil diatom tests, and counts of these for the hollow are expressed as 
percentages of overall biogenic silica forms. Diatom identifications were made by 
comparison with diagnostic criteria and images provided on-line by NIWA 
(http://www.niwa.co.nz/rc/prog/freshdiversity/diatoms.pdf.) and the assistance of M. 
Harper, School of Earth Sciences, Victoria University of Wellington, New Zealand. 
Diatom counts were grouped observations of both whole tests and test fragments from each 
identified species. Sponge spicules were also observed and identified after Raeside (1964) 
and Weatherhead (1988). 
 
4.2.3. Dating control 
The chronostratigraphic framework used here for the three loess sheets on the interfluve is 
that developed in Chapter 3. For the gully fill a depth-age model was developed in the 
course of calculating soil flux rates in Chapter 5 in order to test the hypothesis that gully 
infilling increased with the Holocene climatic amelioration. Phytoliths were used to 
correlate the colluvial gully deposit with L1 (see below), thus the gully age model was 
used to constrain timing of onset of loess sheet 1 (L1) accumulation at 50.3 ka, with 
cessation at 10,950 ± 300 cal. yr BP (the calibrated 14C date of Goh et al., 1978). Loess 
sheets 2 and 3 (L2/L3) were assigned to late MIS 4, and MIS 6 and MIS 5b loess 
accumulation phases, respectively. The important KOT (27,097 ± 957 cal. yr BP) is used 
as a late Quaternary marker tying the Charwell Basin record to the NZ-INTIMATE 
framework. 
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4.3. Results 
 
4.3.1. Phytoliths 
Significant changes in phytolith assemblages (Fig 4.1) with depth were used to define 
phytolith zones. Five zones were recognised in the interfluve (Fig 4.2) and three in the 
gully (Fig 4.3). 
 
Interfluve 
 
Zone 1 (0 m – 0.4 m) Tree/shrub forms dominant with some grasses 
Tree/shrub spherical verrucose forms increase from 53% at the soil surface to 70% 
abundance 0.3 m. Bulliform grass forms increase sharply from 1% at the soil surface to 5% 
at 0.1 m, before decreasing slightly to 3% at 0.3 m. Chionochloid, chloridoid, festucoid, 
panicoid and truncated cone all decrease in abundance from low (<5%) maximum levels at 
the soil surface, and point-shaped grass phytoliths remain constant at 1% abundance 
throughout the zone. 
 
 
 
Fig. 4.2 (Next page). Major phytolith, diatom and siliceous sponge spicule morphological 
forms. (a) Spherical verrucose: spherical with surface ornamentation (undifferentiated trees 
and shrubs). (b) Bulliform: Microlaena grasses. (c) Elongate: rectangular (grasses). (d) 
Chionochloid: spool shapes (Chionochloa grasses). (e) Chloridoid: flattened saddle-shaped 
(Tussock grasses). (f) Festucoid: elongate shapes with large serrations. (g) Panicoid: dumbbell 
shaped warm climate grasses. (h) Truncated cone: Chionochloa and Festuca grasses. (i) 
Point: Chionochloa and Festuca grasses. (j) Diatom Stauroneis phoenicenteron (Nitzsch) 
Ehrenberg. (k) Diatom Pinnularia viridis (Nitzsch) Ehrenberg. (l) Sponge spicule, unknown 
species. 
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Zone 2 (0.4 m – 1.1 m) Decreasing tree/shrub forms and increasing grass forms, with KOT 
isochron 
Tree/shrub spherical verrucose forms decrease from 70% abundance at 0.3 m to 15% at the 
KOT peak, decrease further to 12% at 0.9 m before increasing to 23% at 1.1 m. Bulliform 
grass forms increase slightly from 3% at 0.3 m to a maximum of 5% at 0.4 m, then 
reappear at 0.7 m before another slight increase at and prior to the time of KOT. Elongate 
grass forms show a steady increase in abundance from 19% to 48% from the top to the 
base of the zone, and reach 40% at the KOT isochron. Both chionochloid and chloridoid 
phytoliths increase from 0.3 m, fluctuate in abundance slightly then decrease again. 
Chionochloid and chloridoid forms peak at 0.8 m (KOT isochron) and 0.9 m, respectively. 
Festucoid forms increase from negligible percentages at the top of the zone, and peak at 
4% abundance above the KOT. Panicoid forms constitute no more than 1% of the 
assemblage down to 0.9 m where they disappear. Both truncated cone and point forms 
increase from 1% at 0.3 m reach their greatest abundances of all zones (5%) around the 
time of KOT before again decreasing at 1.1 m.  
 
Zone 3 (1.1 m – 2.1 m) Increasing tree/shrub forms and decreasing grass forms 
Tree/shrub spherical verrucose forms decrease from 23% at 1.1 m to 12% at 1.3 m, before 
increasing steadily to 73% abundance at 2.1 m. Bulliform phytoliths remain at low 
percentages, fluctuating from 1-3% throughout the zone. Elongates decrease from a peak 
of 48% at 1.1 m to 22% at 1.5 m, increase to 36% at 1.9 m, then halve in abundance to 
16% at the base of the zone. Chionochloid forms increase sharply from 14% at 1.1 m to 
form a broad peak between 1.3 m and 1.5 m, then dropping to 5% at 2.1 m. Chloridoid 
forms show a similar pattern to chionochloid, increasing to 13% at 1.3 m before decreasing 
to <5% at 2.1 m. Both festucoid and truncated cone phytoliths remain at low abundances 
(~1%), and point forms increase from 2% at 1.1 m to 4% at 1.3 m, before decreasing to1% 
abundance at 2.1 m. The L1/L2 transition (1.75 m) is characterised by 40% tree/shrub 
spherical verrucose forms 30% elongate and 25% chionochloid forms, with the remainder 
each <5%. This transition is further characterised by the disappearance downwards of 
festucoid and truncated cone forms, which ties this point to the base of the gully record 
(see below). 
 
Zone 4 (2.1 m – 3.3 m) Tree/shrub forms dominant and increasing, with some grasses 
Tree/shrub spherical verrucose phytoliths comprise the greatest fraction of the assemblage, 
decreasing slightly from 73% at 2.1 m to 64% at 2.3 m, before increasing to a maximum of 
99% at 3.3 m. Bulliform phytoliths increase from 3% at 2.1 m to a peak of 10% at 2.9 m 
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before decreasing to negligible amounts at 3.3 m. The increase with depth in tree/shrub 
spherical verrucose phytoliths is accompanieded by a general decrease in grass phytolith 
forms other than bulliform types. Elongate, chionochloid and chloridoid forms all show a 
gradual decrease in abundance from the top to the base of the zone. Elongate forms 
decrease from 16% at 2.1 m to 0% at 3.3 m. Chionochloid forms increase from 9% at the 
top of the zone to 14% at 2.5 m before decreasing. Likewise, chloridoid forms increase 
from 3% at 2.1 m to a peak of 5% at 2.5 m before decreasing. As with Zone 1, festucoid, 
truncated cone and point forms never increase above 1% abundance. The L2/L3 transition 
(2.8 m) is characterised by 80% tree/shrub spherical verrucose forms, 7% bulliform, 5% 
elongate, chionochloid and chloridoid forms, with the remainder <5%. 
 
Zone 5 (3.3 m – 4.5 m) Tree/shrub forms dominant but decreasing, with some grasses 
As with Zone 4, tree/shrub spherical verrucose phytoliths comprise the greatest fraction of 
the assemblage. From a maximum of 99% at 3.5 m depth they decrease to 73% at the base 
of the section. Bulliform forest-margin grass phytoliths remain below 10%, peaking at 8% 
at 3.5 m, and then fluctuate down to 5% at 4.5 m. The decrease in tree/shrub spherical 
verrucose phytoliths is accompanied by a general increase in grass phytolith forms. 
Elongate forms increase steadily from 0% at 3.3 m to 24% at 4.3 m, before decreasing 
slightly to 19% at the base of the zone. Chionochloid and chloridoid grass forms comprise 
only a very small percentage of the assemblage (maximum 2%) where they are present in 
the lower half of the zone. Festucoid, truncated cone and point forms comprised only 1% 
of the assemblage in restricted depth zones. 
 
Gully 
 
Zone 1 (0 m – 1.2 m) Increase then decrease in tree/shrub forms, mirrored by grass forms 
Tree/shrub spherical verrucose forms decrease from 45% at the soil surface to 36% at 0.2 
m, increase to a maximum of 58% at 0.6 m before decreasing again to a minimum of 7% at 
1.2 m. Bulliform grass forms occur between 0.2 m and 0.6 m with a maximum of 4% 
abundance. Elongate grass forms show a double peak pattern, the upper peak of 24% at the 
soil surface and the lower peak at the lower zone boundary at 1.2 m. The intervening 
trough of 10% occurs at 0.6 m depth. Chloridoid forms show the same pattern with peak, 
trough and peak abundances of 14%, 6% and 14%, respectively. Chionochloid forms show 
a steady increase from 8% at the top of the zone to a maximum of 31% at 1.0 m, before 
decreasing slightly at 1.2 m. Festucoid forms show a similar pattern but abundances do not 
exceed 5%. Panicoid forms are also not abundant and decrease with depth from 2% to 1%, 
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while truncated cone forms show an overall increase from 4% to 8%. Point forms occur 
only in two depth increments and constitute 1% and 2% of the total assemblage, 
respectively. 
 
Zone 2 (1.2 m – 5 m) Grass forms dominant with some tree/shrub forms, and KOT 
isochron 
 
(a) Post-KOT 
Tree/shrub spherical verrucose forms fluctuate from 7% at 1.2 m to a minimum of 5% at 
1.6 m, and reach a maximum of 33% at 2.4 m. Bulliform grass forms appear intermittently 
at 2 m but do not exceed 1% abundance. Elongate forms fluctuate from 40% at 1.2 m to a 
minimum of 31% at 1.8 m, and increase further just above the KOT isochron. 
Chionochloid forms, which share dominance of this zone with elongate forms, fluctuate 
from 28% at 1.2 m to a maximum of 38% at 1.6 m, and begin to decrease just above the 
KOT. Chloridoid forms decrease from 13% at 1.2 m to 5% at 1.4 m, increase to a 
maximum of 19% at 1.8 m, before decreasing to low abundances throughout the rest of the 
zone. The remaining forms comprise low percentages <5% down to the KOT isochron. 
 
(b) KOT 
The KOT isochron layer is characterised by 10% spherical verrucose forms and 1% 
bulliform. Elongate and chionochloid forms comprise 70% and 10% of the total 
assemblage, respectively, with the remainder of forms each comprising <5%.  
 
(c) Pre-KOT 
Spherical verrucose forms peak at 3 m depth at 22%, with subsidiary peaks at 3.6 m and 
4.4 m. The assemblage is dominated by elongate and chionochloid grass forms which peak 
at 3.8 m (65%) and 3.0/4.4 m (30%). Festucoid forms peak at 6% at 3.4 m depth. The 
remainder of grass phytolith forms fluctuate in abundance but remain below 5% of the 
assemblage. 
 
Zone 3 (5 m – 7 m) Increase in tree/shrub forms mirrored by decrease in grass forms 
Tree/shrub spherical verrucose forms increase from 15% at 5.0 m to a maximum of 74% at 
the base of the zone. Bulliform grass form show a similar pattern, with an increase from 
1% at 5 m to 12% at 7.0 m, and reach similar abundances to Zone 1. Elongate and 
chionochloid grass forms show a parallel decrease in abundance, the former decreasing 
from 54% at 5.0 m to 13% at 7 m, the latter decreasing from 29% at 5.2 m to 1% at 7 m. 
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Chloridoid, festucoid, truncated cone and point grass forms appear intermittently at low 
percentages (maximum 2%). Panicoid forms are not present. 
 
4.3.2. Diatoms 
Two major diatom species – Stauroneis phoenicenteron (Nitzsch) Ehrenberg (Figure 4.1j) 
and Pinnularia viridis (Nitzsch) Ehrenberg (Figure 4.1k) – were identified throughout most 
of the 7.0 m of the hollow, although these identifications are based on whole tests and test 
fragments may belong to other species and genera. Diatom abundance is low (4-8%) 
between the soil surface and 1 m depth. Between 1 m and 3.2 m a broad peak in abundance 
occurs with subsidiary peaks at 2 m (41%), 2.4 m (52%) and 3 m (30%). The greatest 
abundance occurs just above the KOT. Below 3.6 m diatoms are very rare (<1%). 
 
4.3.3. Sponge Spicules 
Sponge spicules from unknown species (Figure 4.1l) were found in trace amounts 
throughout the interfluve loess deposit and also occasionally observed in the gully deposit. 
Because of their negligible contribution to overall biogenic silica assemblages they are not 
represented in stratigraphic frequency diagrams (Figures 4.2 and 4.3). 
 
 
4.4. Discussion 
 
4.4.1. Ecological and environmental implications of biogenic silica microfossils 
Shulmeister et al. (1999), Carter (2000, 2002) and Carter and Lian (2000) used the term 
“undifferentiated trees and shrubs” in referring to the origin of spherical verrucose 
phytolith morphotypes (Figure 4.1a). Kondo et al. (1994) stated that these forms are 
generally from the angiosperms Fuscospora (a subgenus of Nothofagus) or Knightia 
excelsa trees, and recent analysis of phytoliths under a treeline ecotone (Underwood, 2006) 
demonstrated abundant spherical verrucose morphotypes associated with Nothofagus 
menziesii forest. Nothofagus occurs in both cool-temperate/montane and subalpine 
altitudinal belts (~800-1300 and ~1300-1600 m a.s.l., respectively) in the Kaikoura region, 
with the subalpine belt occupied by almost pure stands of N. menziesii and N. solandrii var. 
cliffortioides (Wardle, 1971a, 1991). Wardle (1985b, c, d) demonstrated that on regional 
scales the Nothofagus treeline in New Zealand is controlled by altitudinal decrease in 
atmospheric temperatures and not microclimatic influences such as aspect and topography, 
and showed that timberline altitudes correlate with summer warmth irrespective of winter 
severity. This is because even though mature Nothofagus can withstand very low winter 
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temperatures (Bannister and Lord, 2006), the cold-tolerance limits of Nothofagus seedlings 
during the summer months are critical for their establishment and survival (Wardle, 
1985d). However, some tree species have evolved shrub, dwarf and prostrate varieties 
which survive above the present treeline, and this has been observed for N. solandrii 
(Wardle, 1971b). The regional occurrence of Nothofagus in the Holocene (McGlone and 
Basher, 1995; McGlone et al., 2004) indicates that many of the spherical verrucose 
morphotypes evident in Charwell Basin originated from this genus, although as made clear 
in the interpretations of Shulmeister et al. (1999), Carter (2000, 2002) and Carter and Lian 
(2000) they may also have originated in other woody species characteristic of ecotone 
transitions to open grassland (e.g. Leptospermum ericoides and L. scoparium, 
Dracophyllum longifolium, Phyllocladus alpinus and Discaria toumatou). Underwood’s 
(2006) analysis of phytoliths in relation to treeline ecotone position suggested that relative 
abundances of tree/shrub and grass morphotypes can be used to differentiate between the 
trees and shrubs. Under mature forest spherical verrucose morphotypes comprised ≥15% of 
the total assemblage, and under shrubland and open grassland they comprised <15%. 
Under forest, grass phytoliths may have been brought to the site by wind. Another 
consideration regarding forest species composition is that phytolith production in 
gymnosperms (Podocarpacae) is apparently rare or absent (Kondo et al., 1994). The fact 
that their pollen and plant fragments are found regionally and contemporaneously with 
angiosperms in the Holocene (McGlone and Basher, 1995; McGlone et al., 2004), suggests 
that they may be unrepresented in the phytolith record in Charwell Basin even if they were 
present.  
 
Carter and Lian (2000) and Carter (2002), presumably relying on the association of 
bulliform phytoliths with Rhytidosperma grasses made by Kondo et al. (1994), stated that 
this morphotype (Figure 4.1b) is indicative of cool-climate grasses. However, Almond et 
al. (2001) extracted copious quantities of these forms from extant Microlaena spp grasses 
occurring under forest canopy, and bulliform morphotypes are therefore interpreted here as 
warm-climate grasses. Elongate, chionochloid, chloridoid, festucoid, panicoid, truncated 
cone and point morphotypes (Figure 4.1c, d, e, f, g, h, i, respectively) all occur in both 
Chionochloa spp and Festuca spp tussock grasses, and different species within each genera 
appear to have different morphotypes dominating their assemblages (Marx et al., 2004). 
Festucoid morphotypes also occur in Poa spp tussock grasses (Kondo et al., 1994; 
Shulmeister et al., 1999). This shared diversity in modern morphotypes makes it 
impossible to distinguish between the genera in the Charwell Basin paleorecord and to 
determine their relative contributions to grass morphotype assemblages. However, likely 
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contributing species can be inferred based on modern species occurrence in the Kaikoura 
Ranges, with the assumption that it is these species that colonise the Charwell Basin at 
times of glacial treeline depression. Chionochloa pallens and C. ‘robust’ are the only 
penalpine Chionochloa species described in this part of northeast South Island, the latter 
sharing dominance with low shrubs, and where Chionochloa is absent Festuca matthewsii 
codominates with Poa colensoi (Wardle, 1991). Grass phytolith morphotypes present in 
the paleorecord are most likely from these species and indicate the penalpine bioclimatic 
range in which they occur extended to the Charwell Basin Dillondale terrace remnant in 
the Late Quaternary. As stated by Wardle (1985a), the tussock grass form is considered 
xeromorphic – adapted to (cold) droughty conditions where water stress is induced by 
freezing – but species also grow on sites that seldom experience water deficits. 
 
The diatoms clearly identified in the gully (Stauroneis phoenicenteron (Nitzsch) Ehrenberg 
and Pinnularia viridis (Nitzsch) Ehrenberg) (Figure 4.1j and k, respectively) are large 
cosmopolitan freshwater species that live mostly on the sediment surface in shallow water 
(M. Harper, personal communication). They both can tolerate slightly brackish water, 
although Stauroneis phoenicenteron (Nitzsch) Ehrenberg is mesoeutraphentic (adapted to 
mesotrophic conditions) while Pinnularia viridis (Nitzsch) Ehrenberg is hypereutraphentic 
(indifferent to eutrophication; van Dam et al., 1994). The former only sometimes occurs in 
wet and moist places outside water bodies, while the latter regularly occurs on these sites. 
The presence of these species, and possibly others, in the gully indicates that there was 
significant ponding on the soil surface in the gully through the late Pleistocene and 
contemporaneous with gully infilling. These changing hydrological conditions most likely 
reflect shifts in regional climate either through decreased evapotranspiration due to 
increased cloudiness, increased precipitation, lowered temperatures, or a combination of 
these (see below). The presence of sponge spicules (Figure 4.1l) in trace amounts 
throughout the interfluve loess column indicates that aside from the source of the Charwell 
River floodplain, secondary loess from more regional sources reached the Charwell Basin 
during glacial sea level lowstands. No systematic assessment of fluctuations in sponge 
spicule abundance was made here in order to determine the regularity or relative 
contribution of coastal loess to the interfluve column. Nevertheless their presence indicates 
that westerly winds were sufficiently strong enough to transport silt-sized particles from 
exposed continental shelves west of modern southern North Island and northern South 
Island. 
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4.4.2. Late Quaternary paleovegetation phases in Charwell Basin 
There is no direct correspondence between loess sheets and phytolith zones, but this is to 
be expected considering the complexities in loess accumulation history and the mixing of 
phytoliths via faunal- and floralturbation in both the upbuilding and topdown phases of 
pedogenesis (Chapter 3). The mixing of modern grassland phytoliths into the top of L1 
subsequent to forest clearance following arrival of European settlers in fact serves as a 
useful analogue for climatically-forced replacement of Nothofagus forest by Chionochloa 
spp, Festuca spp and Poa spp tussock grasses. Bioturbation of grass phytoliths to a depth 
of ~30 cm has resulted in the Holocene forest phytolith peak also occurring at this depth. 
Similarly, the top 40 cm of L2 shows a similar tree/grass assemblage to that of the top of 
L1, as does the top 50 cm of L3 although the latter has higher percentages of tree forms. 
Mixing depths appear to be greater for L2 and L3 since, unlike in L1, grass phytoliths were 
being released to the soil coevally with loess accumulation. 
 
A tie-point between an increase in festucoid forms near the base of L1 (1.5 m) and the 
gully deposit (6.8 m) is used here to correlate the two, and as such the gully is interpreted 
to have infilled largely coevally with L1 accumulation. The gully represents an expanded 
record related to its higher rate of sedimentation but which largely mirrors that of L1 on the 
interfluve. The stratigraphic position of the KOT shows that there was spatial 
heterogeneity in vegetation cover between interfluve and gully, pointing to a mosaic 
vegetation pattern at Charwell throughout this time probably reflecting small-scale 
microclimatic and hydrologic differences. However, differing record resolutions and 
bioturbation effects on the interfluve may have influenced this difference. In addition, the 
gully record integrates phytoliths both deposited in situ and exhumed and transported from 
surrounding slopes, although the extent to which this mixing complicates interpretation is 
not addressed here. Unlike L1, in which the Holocene paleorecord is necessarily 
compressed and mixed in the upper horizons due to cessation of loess accumulation ca. 11 
ka, the gully contains an expanded record due to continued infilling throughout the 
Holocene. The relative rates of late Pleistocene/Holocene soil transport and gully infilling 
are investigated in Chapter 5. 
 
The chronology presented here for Charwell Basin vegetation phases is that developed in 
Chapter 3 for loess stratigraphy and pedogenesis (Figure 4.4). Vegetation patterns are 
discussed below with respect to the Charwell Basin upbuilding/topdown pedogenesis 
phases. 
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Figure 4.5. Stratigraphic relationships between Charwell Basin vegetation phases, loess 
deposits and regional records. (a) Antarctic Vostok δD record (Petit et al., 1999, 2001). (b) 
DSDP site 594 faunal-based SST record (from Barrows et al., 2007). (c) DSDP site 594 clastic 
sediment content (from Barrows et al., 2007). (d) Charwell Basin loess, and pedogenesis 
phases (after Almond and Tonkin, 1999). (e) DSDP site 594 pollen summary (from Barrows 
et al., 2007). (f) Charwell Basin vegetation phases. 
 
 
During accumulation of the lower part of L3 inferred to have occurred in late MIS 6, the 
vegetation comprised a tussock grassland/shrubland mosaic. With the cessation of loess 
accumulation and climatic amelioration coincident with onset of the MIS 5 interglacial, the 
area was under closed Nothofagus forest for much of this time. The upper part of L3 may 
have accumulated late MIS 5, although SST and pollen data determined from DSDP site 
594 indicate these stadial conditions were not as cold as full glacials, and the site was 
likely under a shrubland/forest mosaic of which tussock grasslands comprised only a small 
fraction. A return to warmer conditions in the latter part of MIS 5 led to a return of closed 
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forest cover, and resumption of the topdown pedogenesis that characterised most of MIS 5. 
Loess accumulation resumed in the latest part of MIS 5 and continued through MIS 4, 
resulting in the formation of L2. Vegetation through this time returned to a tussock 
grassland/shrubland mosaic under glacial conditions. Climatic amelioration at the 
beginning of MIS 3 again led to topdown pedogenesis and re-establishment of closed 
Nothofagus forest, which is also reflected in the arboreal pollen record of DSDP 594. 
Onset of L1 accumulation and gully infilling commenced ca. 50 ka in early MIS 3, and the 
vegetation returned to a grassland/shrubland mosaic which persisted up to deposition of 
KOT. Subsequent to the KOT isochron tree density increased, resulting in a patchwork of 
closed canopy and shrubland/tussock grassland mosaic through MIS 2. 
 
In the absence of in situ data, the timing of Holocene (MIS 1) forest recovery in Charwell 
Basin is inferred from regional radiocarbon data. In an intermontane river basin 140 km 
southwest of Charwell Basin early Holocene afforestation commenced after 10,540 ± 61 
14C yr BP and was well established by 9,970 ± 70 14C yr BP as evidenced by pollen data 
(McGlone et al., 2004). These 14C dates yielded calibrated ages of 12,590 ± 240 cal. yr BP 
and 11,390 ± 160 cal. yr BP, respectively (McGlone et al., 2004). Charcoal derived from 
forest tree and shrub species located at two sites 20 km north and 30 km east of Charwell 
Basin were dated at 9,292 ± 135 14C yr BP and 9,170 ± 139 14C yr BP, respectively 
(McGlone and Basher, 1995). The Bayesian-based OxCal programme of Bronk Ramsey, 
(2001), which uses the IntCal04 calibration curves (Reimer et al., 2004) and corrects for 
Southern Hemisphere offset, was used to combine and calibrate these dates to 10,340 ± 
100 cal. yr BP. Timing of onset of regional afforestation shown by McGlone et al. (2004) 
was assumed to be valid for the region as a whole, and the combined and recalibrated dates 
from McGlone and Basher (1995) were taken as a best estimate of the full establishment of 
forest cover in the Charwell area. Taking into account forest regeneration time of 350 ± 50 
yr (e.g. Clarkson, 1990; Haase, 1991), the age of 10,690 ± 1,640 cal. yr BP was arrived at 
for the Holocene onset of afforestation in Charwell Basin. The Holocene climatic 
amelioration resulted in the ascent of the treeline to approximately its current altitude in the 
Seaward Kaikoura Range. However forest cover in Charwell Basin itself, as deduced from 
phytolith assemblages in both L1 and the gully deposit, did not achieve the density of that 
in the last interglacial (MIS 5). On the interfluve tussock grasses appear to have persisted 
in patches interspersed between Nothofagus forest stands associated with Microlaena spp, 
and continued to comprise a significant proportion of the gully vegetation. The increase in 
grass phytoliths mixed into the upper ~0.4 m in both interfluve and gully is most likely the 
result of tussock grassland expansion in response to anthropogenic deforestation with the 
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arrival of Polynesian settlers in the region ca. 750 yr BP (McGlone and Basher, 1995), and 
more recent land clearance subsequent to European colonisation ca. 150 yr BP. 
 
4.4.3. Charwell Basin eLGM and LGIT record in regional context  
The gully contains a continuous record from MIS 3 to the present, recording a warm phase 
at its base ca. 50 ka through progressive climatic deterioration into the eLGM at ~3 m 
depth. The gully record supports patterns of ecosystem and landscape responses to eLGM 
conditions seen in records from around New Zealand (Figure 4.5). From 29 ka to 27 ka 
gully phytoliths record a slight decrease in tree cover, falling within the NZA-9c (cool) 
period defined in the draft New Zealand-Australasia (NZA) climate event stratigraphy 
(Newnham and Alloway, 2007). This cooling is coincident with a decrease in arboreal 
pollen and reconstructed SSTs from DSDP site 594 (Barrows et al., 2007), and with 
cooling evident in pollen records from central (McGlone and Topping, 1983) and north-
eastern (McGlone et al., 1984) North Island. In the post-KOT interval ca. 26-24 ka tree 
cover increases again, which is also reflected in DSDP pollen and SST. This period also 
coincides with increases in tall tree (podocarps and angiosperms) pollen in the Westland 
Okarito record (Vandergoes et al., 2005; Newnham, et al., 2007b; Figure 3.5d) and 
arboreal pollen in Auckland (Newnham et al., 2007a). Vegetation and temperature 
reconstructions based on paleofaunal data from Westland (Burge and Shulmeister, 2007), 
Marlborough (Marra et al., 2004), and Canterbury (Marra et al., 2006; Woodward and 
Shulmeister, 2006) also support interstadial conditions at this time, as do earlier 
paleovegetation studies from Canterbury (Soons and Burrows, 1978) and decreases in 
aeolian quartz flux in North Island (Alloway et al., 1992). In addition, this timing coincides 
with a period of topdown pedogenesis evidenced by a peak in organic phosphorus on the 
interfluve (Chapter 3). The Charwell gully record adds further evidence that the KOT 
eruption occurred at the beginning of a period of climatic amelioration soon after the first 
significant eLGM cold peak and ice advance (Newnham et al., 2007a; Suggate and 
Almond, 2005), and appears to reflect a New Zealand-wide eLGM interstadial (NZA-8w  
(warm) after Newnham and Alloway, 2007). 
 
From 24 ka tree cover at Charwell declined with the onset of the LGM sensu stricto, and 
vegetation at the site was likely dominated by tussock grasses with open shrubland. This 
parallels a drop in DSDP site 594 SST, and a slight decrease in tall tree and peak in herb 
pollen at Okarito. However, the pollen record of DSDP site 594 which integrates trees and 
shrubs shows no such decrease. At the end of the LGM sensu stricto and onset of the LGIT 
ca 18 ka, the DSDP site 594 record shows an increase in SST and arboreal pollen, but 
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significant increases in arboreal phytoliths are not seen at Charwell, or in tall tree pollen at 
Okarito. From 18 ka to ca. 16 ka tree cover at Charwell remains low, reflecting an open 
shrubland/grassland mosaic. At ca. 15 ka arboreal phytoliths increase slightly in the gully 
record, contemporaneous with increases in SST east of South Island and a spike in tall tree 
pollen in Westland (Figure 4.5). A slight decrease in arboreal phytoliths ca. 15-13 ka may 
reflect cooler conditions during the late glacial reversal (perhaps coinciding with the 
Antarctic Cold Reversal) evident in both DSDP site 594 SST and Okarito tall tree pollen 
records (Figure 4.5). 
 
As described above, commencement of Holocene afforestation in Charwell Basin is 
estimated at 10,690 ± 1,640 cal. yr BP, although the persistence of a patchwork 
forest/grassland mosaic is suggested from phytoliths at both interfluve and gully sites. This 
timing corresponds with a return to tall tree dominance at Cass (McGlone et al., 2004) and 
Okarito, although both the Charwell and Okarito records appear to lag behind climatic 
amelioration shown by SST and pollen data offshore (Barrows et al., 2007; Figure 4.5). 
The Charwell phytolith record is of insufficient resolution to identify early and mid 
Holocene temperature optima identified in the NZ-INTIMATE framework (Alloway et al., 
2007; Newnham and Alloway, 2007). 
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Figure 4.6. Comparison of Charwell phytoliths with regional data and NZ-INTIMATE 
framework for the last 30 kyr. (a) Interfluve and gully tree+shrub phytoliths. (b) DSDP site 
594 faunal-based SST record (from Barrows et al., 2007). (c) DSDP site 594 pollen summary 
(from Barrows et al., 2007). (d) Okarito tall tree pollen data (from Vandergoes et al., 2005 
and Newnham et al., 2007b). (e) Draft New Zealand-Australasia (NZA) climate event 
stratigraphy (from Newnham and Alloway, 2007). (f) Provisional New Zealand climate 
phases (from Alloway et al., 2007). 
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The gully diatom record appears to correspond directly with neither Charwell phytoliths 
nor more regional data from DSDP 594, and constitutes a site-specific hydrological record 
of the gully alone. The soil surface ponding that the diatoms reflect was present upon 
initiation of gully infilling 50.3 ka (Figure 4.3) and persisted until 48.6 ka, after which the 
gully was significantly drier. Minor ponding occurred again from 45.2 ka, but from 36.4 ka 
the local hydrological regime changed significantly, with soil surface ponding becoming a 
persistent feature of the gully throughout the eLGM, LGIT and to a lesser extent the 
Holocene. It is possible that local drainage conditions were a driver of ponding, but it is 
more likely the diatom record reflects changes in precipitation and/or evapotranspiration. 
As stated by Salinger and Mullan (1999) in their analysis of New Zealand’s 20th century 
climate patterns, orography exerts a large control on the spatial response of regional 
temperature and precipitation anomaly patterns to regional atmospheric circulation. This 
was likely to have been even more the case during the LGM. Westerly flow in the 
southwest Pacific reached a maximum at the LGM (Shulmeister et al., 2004), most likely 
leading to corresponding maxima in orographic precipitation patterns over the Southern 
Alps. Rother and Shulmeister (2006) demonstrated theoretically that major increases in ice 
volume and corresponding glacier advances could be achieved during the LGM not 
through signifiant cooling, but through increases in precipitation falling as snow under 
only moderate cooling. While is possible that the LGM westerlies passing over the 
Southern Alps led to increased precipitation at Charwell too, the basin is situated in the lee 
of the Seaward Kaikoura Range and is therefore in a rainshadow. However, increasing 
cloudiness could have led to lower rates of evapotranspiration. Another explanation is that 
southerly meridional flow played a major role, bringing both cold air masses and 
precipitation characteristic of winter southerlies today (Salinger and Mullan, 1999). The 
recent simulations of LGM climate in New Zealand by Drost et al. (in press) showed that 
with respect to modern climate the number and strength of LGM southerlies increased, 
with the east of the South Island affected especially by cold winds and incursions of polar 
air. Drost et al. (in press) also showed an increase in mean spring/early summer 
precipitation for the Kaikoura region. This contrasts significantly with Bull’s (1991) 
interpretation of climate ca. 29-16 ka being cold but dry, and contributing to river 
aggradation during this period. It is clear from the stadial/interstadial fluctuations 
recognised in the NZ-INTIMATE climate event stratigraphy, and in the Charwell Basin 
biogenic silica record (Figure 4.5) that the relative roles of zonal and meridional circulation 
alternated throughout the eLGM and LGIT. 
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4.5. Conclusions 
 
Charwell Basin provides a fragmentary loess/paleovegetation record extending to MIS 6. 
Phytolith evidence, in combination with other regional studies and known modern plant 
distributions, indicates that in interglacial/interstadial periods (MIS1, early MIS 3, and MIS 
5) Nothofagus-dominated forest covered the area in association with Microlaena spp 
grasses and other species unrepresented in the phytolith spectra. The lowering of treeline 
altitude associated with glacial and stadial periods (MIS 2, MIS 3, MIS 4, MIS 5b, and late 
MIS 6) caused the opening up of forest and increase in shrubland, accompanied by the 
colonisation of the basin by Chionochloa spp, Festuca spp and Poa spp tussock grasses. 
 
Late Pleistocene paired interfluve and gully records from ca. 50 ka show spatial 
heterogeneity in vegetation patterns reflecting local microclimatic and hydrological 
conditions. The interfluve supported more dense arboreal vegetation at the time of KOT 
than the gully, and differing grass phytolith assemblages suggest heterogeneity in tussock 
grass species. Through the eLGM the site was occupied by a mosaic of closed stands of 
forest alternating with more open areas of shrubs and tussock grasses, and the LGM sensu 
stricto was likely characterised by tussock grassland with some shrubs. Diatoms in the 
gully record show that the site became significantly wetter from ca. 36 ka, possibly due to 
reduced evapotranspiration/and or increased precipitation from a combination of 
strengthened westerlies and more cloudiness or strengthened southerlies and more 
precipitation throughout the eLGM. The paleorecord at Charwell supports other recent 
New Zealand temperature and vegetation reconstructions indicating that the eLGM was not 
monolithic and was characterised by significant variability. The Holocene climatic 
amelioration led to Charwell Basin being reforested by ca. 11 ka, and the arrival of humans 
ca. 750 yr BP led to deforestation and expansion of grasslands, which was compounded by 
European agriculture ca. 150 yr BP. 
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Chapter 5 
 
Increased soil transport via forest bioturbation 
through the last glacial-interglacial transition, 
Charwell Basin, South Island, New Zealand 
 
 
5.1. Introduction 
 
The onset of Quaternary climatic variations corresponds with a global increase in terrestrial 
sediment flux to proximal basins (Zhang et al., 2001; Kuhlemann et al., 2002) and widely 
distributed orogenic uplift due to isostatic rebound (Cederbom et al., 2004; Molnar, 2004; 
Champagnac et al., 2007). Most studies of Quaternary sediment flux and landform 
alteration focus on glacial geomorphic processes (e.g. Spotila et al., 2004; Haeuselmann et 
al., 2007), but these occur in mountainous regions comprising only 25% of Earth’s total 
land area (Meybeck et al., 2001). Thus while the action of mountain glaciers can be 
invoked for a significant component of Quaternary erosion and sedimentation, there is a 
considerable gap in our understanding of processes influencing climatically-forced 
landscape evolution across the other 75% of terrestrial surfaces. Molnar (2004) 
demonstrated that both non-glaciated mountainous and lowland terrain also show increased 
sediment flux through the Quaternary. This increase in sediment flux was attributed to 
increased erosion as landscapes, with response times greater than the period of climate 
change, continually adjusted between equilibrium forms (Zhang et al., 2001; Molnar, 
2004). However, despite the abundance of geological settings that exhibit increased 
erosion and sedimentation with the arrival of glacial-interglacial oscillations, within 
lowland regions the functional relationships linking climate with geomorphic processes 
remain poorly defined. Further, the changes in processes between glacial and interglacial 
climates that promote changes in landscape morphology are also poorly constrained. It is 
also an open question as to whether landscape and ecosystem responses to glacial and 
interglacial conditions vary between different geologic or geomorphic settings. 
 
Soil-mantled lowlands are comprised of alluvial and aeolian sediment records able to 
address temporal and spatial fluctuations in sediment transport and the processes driving 
them. In the Charwell Basin, South Island, New Zealand, Roering et al. (2002, 2004) used 
loess stratigraphy, and the KOT as both chronostratigraphic marker and geomorphic tracer, 
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to show that the landscape shifted from being comprised of rectilinear elements (terrace 
treads and gully walls) in the late Pleistocene to being comprised of convexo-concave 
elements in the Holocene. Increased dominance of convex slope elements was 
hypothesised to result from an increase in soil flux with a change from grass-dominated to 
tree-dominated vegetation through the last glacial-interglacial transition (LGIT). A 
numerical simulation using a slope-dependent transport model showed that an increased 
transport coefficient (K) corresponding with Holocene reafforestation correctly predicted 
changes in slope form and redistribution of KOT. The authors used this as evidence for 
increased soil transport in the transition to interglacial conditions, modulated through 
vegetation changes. 
 
Here, the hypothesis that different soil fluxes and processes operated under late Pleistocene 
and Holocene conditions is directly tested by linking a quantitative record of paleoerosion 
rate from the Last Glacial Maximum (LGM) to the present with a paleovegetation record 
spanning the same period. It will be shown that, in contrast to adjacent mountainous areas, 
lowland piedmont soil transport rates increased through the LGIT in parallel with a change 
from grass/shrubland-dominated vegetation to forest. These results imply that 
biogeomorphic responses to climate change, and the qualitative and quantitative nature of 
associated processes (e.g. see Gabet et al. (2003) and references therein), are dependent on 
topography and geological substrate and thus will vary between landscapes within a given 
region. 
 
 
5.2. Methods 
 
Soil transport and infilling rates were calculated for the gully deposit on the Dillondale 
altered terrace described in Chapters 3 and 4. The late Quaternary chronostratigraphic 
marker used here is the KOT, extracted from both the gully and interfluve catena endpoints 
(see Chapter 3, Section 3.2). Depth to KOT on the interfluve was used to determine post-
KOT loess accumulation, which was factored in to the calculations of gully infilling rates 
in order to isolate the contribution of slope-transported soil. Soil, loess and gully sediment 
bulk densities used here are those presented in Chapter 3, Section 3.1. Cessation of loess 
deposition for this analysis is assumed to have occurred coevally with Holocene onset. The 
late Pleistocene-Holocene transition in the gully deposit was identified using plant 
phytoliths (see Chapter 4, Section 3.1) and dated using calibrated 14C ages of tree material 
analysed by McGlone and Basher (1995; see Chapter 4, Section 4.2). Sediment delivery to 
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the gully site is assumed to have been delivered from slopes on both sides of the gully, so 
their respective morphometries (gradient and curvature) were measured. The major 
changes in vegetation communities in the late Pleistocene, during the LGIT and through 
the Holocene used here are those presented in Chapter 4. A diagrammatic illustration of the 
gully deposit is presented in Figure 5.1. 
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Figure 5.1. Diagrammatic representation of the gully deposit, with major variables and 
parameters used in gully infilling calculations explained. Phytolith records from both gully 
and interfluve deposits are shown, with the 15% shrub/tree threshold shown (see Chapter 4). 
Also shown is a schematic representation of the soil layer in which the exhumed and evenly 
mixed KOT occurs (discovered by Roering et al., 2002), constituting evidence of a biomantle 
produced under forest. 
 
 
In order to determine soil flux rates for the Holocene and late Pleistocene gully deposits, 
total mass (MT, kg) for each increment was calculated according to 
 
                                                               MT = VρS,                                                           (5.1) 
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where V is deposit volume (m3) and ρS is deposit bulk density (kg m-3). Pleistocene soil 
flux rates into the gully must account for mass of airfall loess deposition. Post-KOT mass 
accumulation rate (L) was calculated according to: 
 
 
T
mL
LP
L
= ,  (5.2) 
 
where mL is mass of loess deposited on the interfluve (kg m-2) and TLP is the post- KOT 
late Pleistocene time period (yr). Mass of airfall loess (ML) in the gully is therefore 
calculated using  
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+
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where wKk and wF are gully deposit widths at the KOT and Holocene forest onset 
isochrons, respectively. Mass of late Pleistocene slope-transported soil (MS) is therefore  
 
       MS = MT – ML.     (5.4)
          
Late Pleistocene soil flux (qsLP, m3 m-1 yr-1) is calculated according to 
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Holocene soil flux (qsH, m3 m-1 yr-1) is simply calculated according to 
 
  
T
M
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S
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where TH is Holocene timespan (yr), with no loess deposition. 
 
Sediment transport rate constants (K, m2 yr-1) were calculated according to 
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where qs is sediment flux rate, and 
x
z
∂
∂
L
 and 
x
z
∂
∂
R
 are lower slope gradient of the true left 
and true right of the gully, respectively. Variables and parameters used are presented in 
Table 5.1. 
 
 
Table 5.1. Variables used in the calculation of Holocene and late Pleistocene soil flux rates. 
Variable Holocene late Pleistocene (post KOTa) 
t (yr) b 10,690 ± 1690 16,407 ± 2647 
z (m) c 1 ± 0.1 1.9 ± 0.1 
w top of deposit (m) d 30 ± 1 (wF*) 25.75 ± 1 
w bottom of deposit (m) d (wF*) 25.75 ± 1 (wKk†)19 ± 1 
post KOTa air fall loess (m) – 0.8 ± 0.1 
ρS (kg m-3) e 1350 1350 
ρL (kg m-3) f – 1471 
ρH (kg m-3) g 1657 – 
ρLP (kg m-3) h – 1914 
Slope gradient true left+true right 0.2665 0.2665 
a
 KOT = Kawakawa/Oruanui Tephra 27,097 ± 957 cal. yr BP 
b
 t = time 
c
 z = depth 
d
 w = width, * = Holocene forest transition datum, † = KOT datum 
e
 ρS = slope soil bulk density 
f
 ρL = airfall loess bulk density 
g
 ρH = Holocene sediment bulk density 
h
 ρLP = late Pleistocene sediment bulk density 
 
 
 
5.3. Results 
 
The Holocene qs of 0.0034 ± 0.0016 m3 m-1 yr-1 is nearly twice that of the post-KOT late 
Pleistocene qs of 0.0019 ± 0.0014 m3 m-1 yr-1 (Table 5.2). This represents a ~80% increase 
in sediment transport rates through the LGIT. Associated K values for the Holocene and 
late Pleistocene are 0.013 ± 0.006 m-2 yr-1 and 0.007 ± 0.006 m-2 yr-1, respectively. Mean 
gradients of the lower slope (0.1331 for the true left and 0.1334 for the true right of the 
gully) were used for calculation of both late Pleistocene and Holocene K values. 
 
 
Table 5.2. Sediment fluxes (qs) and transport rate constants (K) for the Holocene and late 
Pleistocene (post Kawakawa Tephra) gully deposits. 
 qs (m3 m-1 yr-1) K (m2 yr-1) 
Holocene 0.0034 ± 0.0016 0.013 ± 0.006 
late Pleistocene 0.0019 ± 0.0014 0.007 ± 0.006 
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Summary paleovegetation records for both interfluve and gully based on plant phytolith 
data are presented in Figure 5.1. In the gully, abundance of tree/shrub phytoliths increased 
from a minimum of 5% during the LGM to a maximum of 55% in the Holocene. In the 
compressed interfluve record, tree/shrub phytolith abundance was higher at KOT than the 
gully, and increasing. Discrepancies between the two records may reflect real vegetation 
differences related to environmental gradients of exposure or moisture, or to artefacts of 
the analysis. Tree phytolith assemblages on the interfluve are probably over-represented 
due to downwards translocation via bioturbation, and the gully record is therefore more 
representative of local vegetation patterns. What is clear is that tree/shrub abundance of 
>60% in the top 40 cm of the interfluve and top 1 m of the gully represent Holocene tall 
beech/podocarp forest (Wardle, 1991) in the area. Changes in phytolith abundance reflect 
increases in forest density and probably vegetation stature. 
 
 
5.4. Discussion 
 
The calculated qs for the late Pleistocene (0.0019 ± 0.0014 m3 m-1 yr-1) and Holocene 
(0.0034 ± 0.0016 m3 m-1 yr-1) support Roering et al.’s (2004) hypothesis of significantly 
increased soil transport through the LGIT. The transport coefficient K encapsulates how 
the frequency, magnitude, and behaviour of disturbances affect sediment transport 
(Roering et al., 2004), and the empirically derived Holocene K value of 0.013 ± 0.006 m2 
yr-1 calculated here is similar to the value of 0.012 ± 0.008 m2 yr-1 derived by Roering et al. 
(2002) at the same site with an analysis of tephra exhumation and surface lowering. It is 
also similar to those estimated by Nash (1980; 0.012 m2 yr-1) and Denny and Goodlett 
(1957; ~0.010 m2 yr-1) in forested landscapes, and approximates the value of 0.016 ± 0.005 
m
2
 yr-1 estimated in the slope evolution model of Roering et al. (2004). The empirically 
derived late Pleistocene K value of 0.007 ± 0.006 m2 yr-1 is however significantly higher 
than that of 0.001 m2 yr-1 estimated by Roering et al. (2004). As illustrated by plant 
phytoliths (Figure 5.1), increased Holocene qs for the gully deposit is accompanied by 
increased tree cover and vegetation stature on both the interfluve and gully sites, and 
undoubtedly on the slope between these two catena endpoints. The transition from 
rectilinear land elements under LGM shrubland/grassland mosaic to convexo-concave land 
elements under increasing forest density with the Holocene climatic amelioration was 
perhaps the major influence of increased sediment flux through the LGIT. It is possible 
that the LGIT forced an initial increase in sediment flux, which then lowered as convexo-
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concave morphology was attained, although the resolution of the present study is unable to 
test this. 
 
Roering et al. (2002) demonstrated that the KOT has been exhumed and transported 
downslope at the study site, and is mixed into the upper soil horizons to a depth coincident 
with the mean rooting depth of Nothofagus forest (Hart et al., 2003). The evenly mixed 
tephra along the Charwell slope is therefore evidence of a biomantle (Johnson, 1990). 
Similar results were found for slopes evolving during the Holocene in eastern Washington, 
U.S.A. (Walther, 2006). These findings support other studies suggesting that 
floralturbation is a major factor controlling soil profile form in forested landscapes (Lutz, 
1960; Lutz and Griswold, 1939; Schaetzl, 1986; Schaetzl et al., 1990; Small et al., 1990). 
According to Norton (1989) tree turnover rates are frequent enough that the length of time 
during which 50% of the soils in a forest are turned over is on the order of hundreds to 
thousands of years, depending on forest density, tree longevity, and disturbance 
mechanisms. As reviewed by Gabet et al. (2003), root plate volumes estimated from pit 
volumes include 0.2-5 m3 (Norman et al., 1995), 0.3-10 m3 (Putz, 1983), 1.8 m3 (Mills, 
1984), 4.8 m3 (Denny and Goodlet, 1956) and 4.0 m3 (ranging 1-15 m3; Reid, 1981). Soil 
redistribution is further dependent on slope angle and uprooting rate, and soil flux will be 
greater where these are higher (Gabet et al., 2003). These studies illustrate the significant 
soil redistribution that can occur via floralturbation under forest ecosystems. The combined 
gully infilling and phytolith record presented here shows that re-establishment of 
Nothofagus forest in Charwell Basin with the Holocene climatic amelioration significantly 
increased soil transport rates, and in combination with the tephra distribution data of 
Roering et al. (2002) reveal the primary soil detachment and transport mechanisms most 
likely to be disturbance-driven tree throw (largely by wind) and root growth. Late 
Pleistocene vegetation in Charwell Basin was comprised of grassland as well as closed 
forest (Figure 2.1, see Chapter 4), but the tree density was not sufficient to result in the 
rates of soil transport evident in the Holocene. 
 
The increased sediment transport in the Charwell Basin through the LGIT contrasts with 
transport rates and processes hypothesised to have dominated in the adjacent mountainous 
Seaward Kaikoura Range, which was unglaciated through the LGM (Bull, 1991). Based on 
the record of alluvial aggradation and degradation in Charwell Basin, Bull (1991) proposed 
that under glacial conditions abundant sediment was generated via periglacial processes in 
mountain catchments, which was delivered to riverine systems via solifluction, debris 
flows and landsliding. Lower stream power due to reduced rainfall led to alluvial 
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aggradation along the piedmont reaches of the Charwell River. With interglacial climatic 
amelioration the altitudinal zone of periglacial processes ascended and vegetation and soil 
cover was re-established to better stabilise mountain slopes. The combined reduction of 
sediment delivery to riverine systems and increased stream power under humid Holocene 
conditions led to alluvial incision along the piedmont reaches of the Charwell River. Due 
to the erosional nature of mountain environments and the associated lack of in situ 
paleovegetation data from the Charwell River catchment, there is no supporting evidence 
for this scenario except that of the alluvial sediment itself in Charwell Basin. Never the 
less, Bull’s (1991) hypothesis of climate-controlled sediment flux via vegetation and soil 
cover in mountainous areas is not unreasonable and, if valid, highlights opposing landscape 
responses to the same climate. The Charwell area thus provides an illustration of high late 
Pleistocene sediment fluxes in highly fractured and sheared greywacke sandstone 
mountainous environments characterised by steep slopes, while loess-mantled lowland 
piedmont areas under tussock grasses and shrubland display lower sediment fluxes. 
Through the LGIT and into the Holocene, mountain sediment fluxes decreased while 
simultaneously soil transport rates increased on lowland piedmont areas via floralturbation 
with the re-establishment of forest. While it might be expected that floralturbation would 
also play a significant role in mountainous Holocene sediment transport, it may be the case 
that tree density was sufficient to stabilise slopes but insufficient to mobilise significant 
soil flux via floralturbation. Also, decreased Holocene sediment generation via periglacial 
processes may have reduced overall mountainous sediment flux in comparison to lowland 
soil-mantled landscapes where abundant unconsolidated soil and regolith remained 
available for transport. These scenarios require testing through further research into 
modern and past sediment fluxes in different landscapes. 
 
Topography and geological substrate appear to be significant factors in how regional 
climate signals, filtered through vegetation, influence terrestrial sediment fluxes through 
glacial-interglacial oscillations. As illustrated here on the loess-mantled lowland piedmont 
of Charwell Basin, the transition to forested Holocene conditions led to significant 
redistribution of soil, sculpting the study site into an increasing convex morphometry 
(Roering et al., 2004). Recognising climatically-forced, vegetation-mediated changes in 
sediment flux can provide deeper insight into the interplay between ecosystem shifts and 
landscape evolution (see Chapter 2), as well as better constraining rates and processes 
underlying nutrient cycling and soil organic carbon storage. Although Yoo et al. (2005) 
modelled changes in soil thickness due to climatically-forced changes in burrowing 
mammal density, with the exception of this study and that of Dietrich and Dorn (1984), 
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there appear to be few studies directly relating Quaternary terrestrial sediment fluxes to 
paleovegetation in soil-mantled areas. Further research will be necessary to establish 
whether the apparent intraregional differences in sediment flux and transport process in 
response to Quaternary climate oscillations apply to areas other than Charwell Basin. 
 
 
5.5. Conclusions 
 
A combined colluvial sediment and plant phytolith record shows that Charwell Basin soil 
transport rates on the loess-mantled piedmont increased significantly (~80%) from the late 
Pleistocene through the LGIT and into the Holocene. Increased sediment flux resulted 
from forest bioturbation due to root growth and soil detachment and downslope transport 
due to wind- and seismically-induced tree throw, and contrasts with lower late Pleistocene 
sediment flux under vegetation consisting of cold-climate grasses and shrubs, and lower 
tree densities. 
 
The results presented here contrast with sediment transport rates and processes 
hypothesised to occur contemporaneously in adjacent mountain catchments of the 
Charwell River in the Seaward Kaikoura Range. This suggests that intraregional 
biogeomorphic processes can differ markedly depending on topography and geological 
substrate, with different landscapes responding in unique ways to the same climate regime. 
Analysis of Quaternary terrestrial landscape evolution in non-glaciated mountainous and 
lowland areas must therefore consider spatial and temporal heterogeneity in sediment 
fluxes and underlying transport processes. 
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Chapter 6 
 
Synthesis and Summary 
 
 
The Quaternary era, the last 2.6 million years of Earth history characterised by the origins 
and diversification of our own genus and the eventual persistence of our one species, has 
witnessed significant climatic oscillations and associated changes in global weather 
patterns, sea levels, ocean circulation and marine ecosystems. Ice sheets gradually 
accumulated then rapidly collapsed, and the continents have experienced sweeping 
changes to the biomes and terrestrial ecosystems mantling them. As humanity wakes to the 
realisation that its own activities may have already pushed the Earth system into an 
irreversible transition to a global hothouse unseen since the Paleocene-Eocene thermal 
maximum 55 million years ago, there is growing awareness that the information held 
within late Quaternary records provides valuable insight into functioning of the global 
climate system and terrestrial ecosystem responses to climatic perturbations. This study has 
provided another small piece in the wider puzzle of how New Zealand landscapes and 
environments have responded to glacial-interglacial climate transitions. The aim was to 
present an interdisciplinary, integrated and holistic analysis of late Quaternary landscape 
evolution and environmental change in Charwell Basin, South Island, with particular 
emphasis on loess landscapes, paleovegetation reconstructions and biogeomorphic 
processes, and to set this analysis within the New Zealand and global context. 
 
Charwell Basin is a 6 km-wide structural depression to the immediate south of the Seaward 
Kaikoura Range in north-eastern South Island. The area is situated at the boundary of the 
axial ranges and faulted and folded Marlborough Fault Zone that emanates from the main 
Alpine Fault demarcating the transpressive Pacific/Indo-Australian plate boundary. The 
basin contains the piedmont reach of the Charwell River along with alluvial packages 
originating from the mountainous river catchment, which have been tectonically uplifted 
and translocated in a right-lateral sense from their source by strike-slip motion along the 
Hope Fault. Although the alluvial packages display considerable variation in their spatial 
extent, each is presumed to have a shared an original planar surface morphometry 
subsequent to river abandonment, thus enabling comparison to elucidate changes through 
time. The area was extensively investigated by Bull (1991), who developed conceptual 
models explaining the development of fill, fill-cut and strath terraces as the result of 
climatically-controlled sediment supply and stream power. The subsequent soil-
stratigraphic and loess mantle investigations of Tonkin and Almond (1998) showed that the 
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alluvial terraces were mantled with loess sheets of systematically increasing number with 
increasing terrace age, but with loess absent from the heavily modified oldest terrace 
remnant. The slope evolution studies of Roering et al. (2002, 2004) provided insight into 
the process geomorphology underpinning loess landscape evolution in Charwell Basin, and 
posited that climatically-controlled ecosystem changes were the drivers of variable soil 
flux rates through glacial-interglacial transitions. Charwell Basin has therefore been an 
important natural laboratory ideally suited to explore the dynamic interactions between 
tectonics, non-anthropogenic climate changes, ecosystem shifts and landscape evolution. 
 
The loess deposits found on all major ice-free land continental land masses constitute not 
only an important parent material for agricultural soils, but are also an extensive archive of 
aeolian deflation and deposition, reflecting wider patterns of glacial atmospheric 
circulation, and more localised interactions between riverine source areas, vegetation and 
geomorphology. The spatial distribution of differing loess landscapes in New Zealand’s 
South Island have been mapped at coarse scales (Schmidt et al., 2005). Closer examination 
of a 25 m DEM in order to identify causative factors for loess cover variability shows that 
landscapes with very similar morphometries display quite dissimilar loess mantles, 
suggesting there may be subtle geomorphic controls on loess landscape evolution not 
evident in the 25 m DEM covering New Zealand. The first objective of this study (p. 36) 
was to describe the loess mantles on Charwell Basin’s alluvial surfaces, and to characterise 
those geomorphic thresholds that control maintenance or erosion of loess in the landscape. 
This was addressed in Chapter 2. A 25 m DEM showed clear trends in terrace 
morphological evolution through time, with an increase in slope values and area comprised 
of convex and concave land elements, and decrease in spatial extent of original terrace 
planar morphology, from the youngest (Stone Jug) terrace to the oldest (Quail Downs) 
terrace. The field auger borings of Tonkin and Almond (1998) were collated with 
previously unpublished loess stratigraphic descriptions and new precise RTK elevation 
data to provide a picture of variability of loess mantle thickness and stratigraphy, and 
alluvium surface topography on the Dillondale terrace. The Dillondale terrace was chosen 
due to it representing an intermediate stage of loess landscape evolution between the 
younger Stone Jug and older Quail Downs terraces. There is significant spatial variation in 
the degree of preservation of the three loess sheets (L1, L2 and L3) on this landform, 
attesting to a complex history of accumulation and erosion. The paleotopography of the 
Dillondale alluvium suggests formation by multiple aggradation/degradation events, with 
subsequent gullying prior to, and coeval with, loess accumulation. Loess stratigraphy and 
estimates of soil transport coefficients were used to derive a critical profile curvature range 
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of -0.005 to -0.014 (d2z/dx2, m-1) below which all of the upper most loess unit (L1) would 
be removed. This curvature range was relatively successful in predicting loess preservation 
on the Dillondale terrace, but incorrectly predicted loess occurrence on the Quail Downs 
remnant from which all loess has been stripped. Further analyses incorporating planform 
curvature, regolith erodibility and vegetation cover will help better identify other factors 
qualifying the purely geomorphic thresholds identified. 
 
In addition to comprising a spatio-temporal record of landscape evolution, loess mantles 
constitute valuable, datable, albeit fragmentary, terrestrial records of late Quaternary 
environmental conditions. The second objective of this study (p. 36) was to construct a 
chronological framework of loess deposits for interpretation of late Quaternary events in 
Charwell Basin, and to use pedogenesis data to corroborate soil stratigraphy based on 
morphology as well as inferred breaks in loess accumulation in order to support loess 
chronology. This was addressed in Chapter 3. The three Dillondale loess sheets and a gully 
colluvial record contemporaneous with L1 were used. The use of IRSL techniques showed 
that this method significantly underestimated the loess ages with respect to the 27,097 ± 
957 cal. yr BP KOT. The KOT isochron/IRSL age discrepancies emphasise the need for 
further research on IRSL systematics in South Island loess. A chronology based on KOT 
was preferred on the grounds that its identification based on chemical composition was 
robust, and the accepted age is firmly fixed by a comprehensive tephrochronology 
including other bracketing tephras. The identification of the KOT was useful for intra and 
inter-regional stratigraphic correlation with L1 equivalents, emphasising its importance as 
a New Zealand late Quaternary chronostratigraphic marker (Alloway et al, 2007). The 
confirmation on glass chemical criteria of deep (3-5 m) translocation of KOT in intact and 
redeposited loess sections showed that a cautionary approach should be taken using glass 
chemistry on few shards to identify putative older tephras. Analyses of KOT showed that if 
a few outlier grains were deeply translocated they could easily be erroneously identified as 
grains belonging to other tephras. The onset of L1 accumulation was independently dated 
from rates of gully infilling and post-KOT Mass Accumulation Rate at ca. 50 ka. This 
differs from L1 estimates from other South Island sites, and highlights the diachronous 
nature of the base of L1, which is likely due to spatio-temporal heterogeneity in activation 
of loess sources. L1 accumulated throughout much of MIS 3 when, according to existing 
glacial chronologies, no advances occurred, which suggests that, as in the North Island, 
glaciation may not be a necessary condition for South Island loess accumulation. In 
addition, the timing of L1 and evidence for its being a largely regional signal demonstrates 
the asynchronicity and decoupling of local alluvial aggradation (as documented by Bull, 
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1991) and loess generation. Soil phosphorus (P) fractions were used to identify upbuilding 
and topdown pedogenesis phases, and organic P was particularly useful for identifying 
periods of cessation or slow-down in interglacial/interstadial periods. Such a period was 
identified in L1 around the time of the KOT, which is consistent with evidence from 
Westland of both slow-down in loess accumulation and glacial retreat at this time. If this 
event were confirmed either side of the Southern Alps it would have major significance for 
understanding the drivers of New Zealand glaciation, particularly the relative influences of 
temperature and precipitation. In addition, P data imply that L3 is a welded composite soil 
that accumulated in two phases and was subject to prolonged interglacial weathering 
conditions. Based on intervals of topdown pedogenesis derived from P data, and 
correlations with clastic sediment flux in the offshore record of DSDP site 594, L3 
accumulation is assigned to late MIS 6 and MIS 5b, and L2 accumulation is assigned to 
MIS 4. L1 accumulation is assigned to early MIS 3-early MIS 1 (ca. 50-11 ka), with 
possibly a break at ca. 27 ka. The loess chronology presented here extending to MIS 6 is a 
first for this part of north-eastern South Island, and awaits confirmation or revision by 
further in situ numerical age data. 
 
Paleoecological reconstructions play an essential role in determining how the terrestrial 
biosphere has responded to global climatic variations. Reconstructions of late Quaternary 
South Island ecosystems have been largely based on pollen which, due to its specific 
adaptations to wind dispersal, provides an integrated regional signature of vegetation 
changes. In addition, only a few studies extend beyond MIS 3/MIS 2. The Charwell Basin 
loess sheets provide a record extending to MIS 6 and thus present the first long, late 
Quaternary archive of paleoecological and paleoenvironmental data in north eastern South 
Island. Although pollen does not persist in the aerobic loess environment, biogenic silica 
does and appears to be a ubiquitous component of South Island loess and the soils formed 
on it. While not providing the species information and regional signatures of pollen 
studies, phytoliths do reveal broad site-specific shifts in plant communities between 
forest/shrubland and grassland. Changes in phytolith assemblages therefore show 
ecosystem responses to cooling and warming and altitudinal shifts in treeline. Diatoms and 
sponge spicules are biogenic silica components also found in loess that reflect soil 
saturation status, and proximity to coastal regions and loess provenance, respectively. The 
third objective of this study (p. 36) was to reconstruct late Quaternary vegetation and other 
paleoenvironmental conditions in Charwell Basin using biogenic silica microfossils. 
Phytoliths, in combination with other regional studies and known modern plant 
distributions, show that in interglacial/interstadial periods (MIS 1, early MIS 3 and MIS 5) 
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Charwell Basin was covered with Nothofagus-dominated forest (with podocarps possibly 
present) in association with Microlaena spp grasses. Lowering of treeline associated with 
glacial/stadial periods (MIS 2, late MIS 3, MIS 5b and late MIS 6) caused an opening up of 
forest and increase in shrubland, accompanied by the colonisation of Charwell Basin by 
Chionochloa spp, Festuca spp and Poa spp tussock grasses. Charwell Basin sits at the 
intersection of two LGM (ca. 22 ka) vegetation zones mapped on the basis of pollen 
(Alloway et al., 2007; see Figure 1.9 p. 21); one being shrubs, tussock, herbfield or bare 
ground above treeline and the other, dry, open grassland with some shrubs and rare forest 
near hills. Holocene (ca. 1250 A.D.) vegetation in the area was mapped as podocarp-
broadleaf forest, with beech forest on nearby ranges. The Charwell Basin phytolith record 
therefore is not inconsistent with the existing reconstructions. The colluvial gully phytolith 
record also records the climatic complexity of the eLGM as seen in Westland (Vandergoes 
et al., 2005; Newnham et al, 2007b) and in Auckland (Newnham et al., 2007a). A post-
KOT peak in tree phytoliths in the gully record corresponds with evidence of topdown 
pedogenesis under interstadial conditions (organic P peak) on the interfluve, and provides 
further evidence for the eLGM interstadial on the South Island’s east coast. The diatom 
record shows clear changes in soil saturation status since ca. 50 ka, with peaks at ca. 30, 25 
and 21 ka, and may reflect changes in evapotranspiration and/or precipitation through MIS 
3, the eLGM and the LGM sensu stricto. With the onset of the LGIT, tree density and 
stature increased, and by ca. 11 ka reafforestation was complete. The arrival of the first 
humans in the area ca. 750 yr BP led to deforestation and expansion of grasslands, which 
was compounded by European settlement ca. 150 yr. BP. These biogenic silica analyses 
provide a comprehensive if low-resolution paleoecological record for Charwell Basin 
extending to MIS 6, and ideally should be complemented by higher-resolution pollen 
studies from the area if suitable sites (e.g. bogs or tarns) can be identified. 
 
Geological records clearly show that with the onset of the Quaternary climatic oscillations, 
global sedimentation rates increased. Erosion increased significantly across both glaciated 
and non-glaciated mountainous terrain, as well as lowlands. Zhang et al. (2001) and 
Molnar (2004) attributed the greater sediment flux to increased erosion as landscapes with 
response times greater than the periods of climate change continually adjusted between 
equilibrium conditions. The apparent coupling of climate oscillations and geomorphic 
responses has been proposed to be modulated by vegetation, which acts as the filter 
through which climate signals act upon landscapes, and which therefore must be seen as a 
significant biogeomorphic agent. The significant role of soil bioturbation and soil transport 
via plants and animals has been recognised for some time (Johnson, 1990, 2002; Gabet et 
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al., 2003), but only recently have biogeomorphic responses to climate transitions been the 
focus of directed research (Yoo et al., 2005). Using numerical simulations of slope-
dependent transport in Charwell Basin, Roering et al. (2004) showed that an increased soil 
transport coefficient corresponding with the Holocene reafforestation correctly predicted 
changes in slope forms and redistribution of the KOT. Roering et al. (2004) used this as 
evidence for increased soil transport in the transition from late Pleistocene to Holocene 
conditions through vegetation changes. The fourth objective of this study (p. 36) was to 
test the hypothesis that soil transport rates increased from the late Pleistocene into the 
Holocene due to forest bioturbation-associated climatic amelioration. Using an estimated 
age of regional forest establishment of 10,690 ± 1690 cal. yr BP and the KOT age of 
27,097 ± 957 cal. yr BP as isochrons, gully deposit depths and accounting for temporal 
changes in gully geometry, sediment fluxes and transport rate constants were calculated for 
the late Pleistocene and Holocene. The late Pleistocene (post-KOT) flux was 0.0019 m3 m-
1
 yr-1, and the Holocene flux was 0.0034 m3 m-1 yr-1, an increase of 80%. The Holocene 
increase directly paralleled an increase in tree density and stature at the site as evidenced 
by phytoliths, and supports Roering et al.’s (2004) hypothesis of climatically-forced 
ecosystem changes directly influencing rates and processes controlling landscape 
evolution. Interestingly, this scenario is counter to Bull’s (1991) hypothesised climatically-
forced sediment production and transport mechanisms in the adjacent Seaward Kaikoura 
Range, which proposes that sediment transport decreased into the Holocene. If this is 
indeed the case, and this still needs to be tested in the Charwell area, then the implication is 
that intraregional biogeomorphic processes can differ markedly depending on topography 
and geological substrate, with different landscapes in a given region responding differently 
to the same climate shift. There is a distinct paucity of studies addressing this important 
question, and it is to be hoped that this investigation will be the first among many to 
investigate this aspect of the intimate and dynamic relationship between geosphere and 
biosphere. 
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Appendix 1 
 
Dillondale Terrace Loess Stratigraphic Descriptions 
 
 
Site Easting Northing 
Surface 
Elevation 
ASL Horizon 
Depth 
(cm) 
Matrix 
Colour Texture 
Loess 
Sheet 
1 2538350 5863591 429 A 0-30 10YR4/2 silt loam 1 
    Bg1 30-60 2.5Y6/3 silt loam 1 
    Bg2 60-100 10YR5/4 silt loam 1 
    2C 100-110+ 10YR5/6 
gravelly sandy 
loam 
 
2 2538052 5863505 431 A 0-25 10YR4/2 silt loam 1 
    Bw 25-65 10YR6/5 silt loam 1 
    2Bw 65-90 10YR6/6 
gravelly silt 
loam  
    3C 90-90+ 10YR6/4 gravel  
3 2537912 5862832 404 A 0-20 10YR4/2 silt loam 1 
    Btg 20-75 2.5Y7/2 clay loam 1 
    Bw 75-125 10YR6/4 clay loam 1 
    2C1 125-140 10YR6/4 
gravelly silt 
loam  
    2C2 140-140+ 10YR6/4 gravel  
4 2538834 5863720 420 A 0-25 10YR3/1 
slightly 
gravelly silt 
loam 1 
    Bw 25-45 10YR4/4 
very gravelly 
silt loam 1 
    R 45-45+    
5 2538631 5863667 429 A 0-30 10YR4/2 silt loam 1 
    Bw 30-90 10YR6/5 silt loam 1 
    b2Bg 90-250 10YR6/5 silt loam 2 
    b2Bw 250-290 10YR6/5 silty clay loam 2 
    2b3Btg 290-320  clay loam 3 
    2b3Btrc 320-240 2.5Y7/2  3 
6 2538910 5863505 422 A 0-20 10YR4/2 silt loam 1 
    Bg1 20-90 2.5Y7/2 silt loam 1 
    Bg2 90-168 10YR6/5 silt loam 1 
    b2Bg 168-290 10YR6/8 silt loam 2 
    b2Btg 290-330 10YR6/8 silty clay loam 2 
    2b3btg1 330-390 2.5Y7/1 clay 3 
    2b3Btg2 390-450 2.5Y7/1 clay 3 
    2b3Bg 450-470 10YR6/5 clay loam 3 
    4C 470-550 10YR6/5 
gravelly sandy 
clay loam  
7 2538816 5863267 421 A 0-20 10YR4/2 silt loam 1 
    Bg 20-60 2.5Y6/4 silt loam 1 
    Bw 60-170 10YR6/4 silt loam 1 
    b2Bg 170-215 10YR7/2 silt loam 2 
    b2Bw 215-280 10YR6/4 silt loam 2 
    3C 280+  gravel  
8 2538816 5863173 424 A 0-20 10YR4/2 silt loam 1 
    Bg 20-85 10YR6/4 silty clay loam 1 
    Bw 85-170 10YR6/5 silt loam 1 
    b2Bw 170-230 10YR6/6 silt loam 2 
    b2Bw(f) 230-270 10YR6/3 silt loam 2 
    2b3Bg 270-290 10YR6/3 clay loam 3 
    2b4Bw/C 290-300+ 10YR6/6 gravelly silt 3 
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loam 
9 2539017 5863138 412 A 0-25 10YR4/2 silt loam 1 
    AB 25-35 10YR4/2 silt loam 1 
    Bg 35-50 10YR6/3 silt loam 1 
    Br 50-110 2.5Y7/1 silt loam 1 
    b2Brc 110-240 2.5Y7/1 silty clay loam 2 
    b2Br(f) 240-250 7.5YR5/5 silty clay loam 2 
    b2Br1 250-330 10GY6/1 silty clay loam 2 
    b2Br2 330-370 10G6/1 silt loam 2 
    b2Br3 370-450+ 5BG4/1 silty clay loam 2 
10 2539246 5862766 411 A 0-20 10YR4/2 silt loam 1 
    2Bw 20-35+ 10YR7/6 
gravelly sandy 
loam 1 
11 2539182 5862816 415 A 0-20 10YR4/2 silt loam 1 
    Bw 20-80+ 10YR7/6 
gravelly sandy 
clay loam 1 
12 2538826 5863000 423 A 0-20 10YR4/2 silt loam 1 
    Bg 20-65 2.5Y7/3 silty clay loam 1 
    Bt 65-125 10YR5/6 clay loam 1 
    Btg 125-135 10YR6/6 clay loam 1 
    Bw 135-165 10YR6/6 silt loam 1 
    b2Bg 165-260 10YR6/6 silt loam 2 
    2b3Bg 260-275   3 
    2b3Btg 275-350   3 
    2b4Bw/C     
13 2539205 5861954 407 A 0-20 10YR4/2 silt loam 1 
    Bg 20-70 2.5Y7/2 silty clay loam 1 
    Bw 70-180 10YR6/5 silty clay loam 1 
    b2Bw 180-220 10YR6/5 silt loam 2 
    b3Bw 220-230+ 10YR6/6 
gravelly silt 
loam  
14 2539302 5862146 407.0 A 0-20 10YR4/2 silt loam 1 
    Btg1 20-70 10YR8/1 clay loam 1 
    Btg2 70-100 10YR6/3 clay loam 1 
    b2Bw(g) 100-150 10YR7/6 silt loam 2 
    2b3Btg 150-215 10YR6/8 clay loam 3 
    2b3Bw 215-245 10YR6/6 silt loam 3 
    2b4Bw/C 245-255+ 10YR6/6 
gravelly silt 
loam  
15 2539095 5862559 412.0 A 0-25 10YR4/2 silt loam 1 
    Bg 25-60 10YR6/6 silt loam 1 
    Bw 60-190 10YR6/5 silt loam 1 
    b2Bw 190-240 10YR6/6 silty clay loam 2 
    b2Btg 240-275 10YR6/8 clay loam 2 
    b3Bg 275-280 
10YR6/6 
10YR6/8 
gravelly silt 
loam  
16 2538690 5862894 415.0 A 0-20 10YR4/2 silt loam 1 
    Btg 0-130 10YR6/6 clay loam 1 
    Bw 130-230 10YR6/5 silt loam 1 
    b2Bw(f) 230-280 10YR6/5 silt loam 2 
    b3Bw 280-285+ 10YR6/6 
gravelly silt 
loam  
17 2538510 5862657 418.0 A 0-20 10YR4/2 silt loam 1 
    Br 20-45 2.5Y6/3 clay loam 1 
    Btg 45-100 10YR5/4 clay 1 
    2Cg 100-105+ 10YR5/4 
gravelly sandy 
loam  
18 2538598 5862493 414.0 A 0-25 10YR4/2 silt loam 1 
    Bw 25-65 10YR5/4 silty clay loam 1 
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    Bw(g) 65-75 10YR5/4 clay loam 1 
    2C 75-80+ 10YR5/4 
gravelly sandy 
loam  
19 2538721 5862277 410.0 A 0-20 10YR4/2 silt loam 1 
    Btr 20-65 2.5Y7/3 clay loam 1 
    Btg 60-125 10YR5/4 clay loam 1 
    2Bx 125-170 10YR5/6 silt loam 1 
    3C 170-175+ 10YR5/6 gravel  
20 2538847 5862231 409.0 A 0-25 10YR4/2 silt loam 1 
    Btr 25-65 2.5Y6/3 clay loam 1 
    Btg 65-90 10YR6/4 clay loam 1 
    2Btr 90-105+ 2.5Y7/2 
gravelly clay 
loam  
21 2538843 5862119 416.0 A 0-30 10YR3/2 silt loam 1 
    Btr 30-65 2.5Y7/4 clay loam 1 
    Btg(x) 65-180 10YR5/4 clay loam 1 
    b2Btg1 180-230 10YR5/3 clay loam 2 
    b2Btg2 230-240 5YR4/6 clay loam 2 
    2b3Btr 240-480 2.5Y7/1 clay 3 
    2b3Btg1 480-560 7.5YR5/6 clay 3 
    2b3Btg2 560-645+ 10YR6/8 clay 3 
22 2538890 5862771 407.0 A 0-15 10YR4/2 silty clay loam 1 
    Bw 15-40 10YR5/4 clay loam 1 
    Btg 40-60 2.5Y7/3 clay loam 1 
    Btg(x) 60-110 10YR6/4 clay loam 1 
    2bBtg 110-260 10YR6/4 clay loam 2 
    2bBtr 260-280 2.5Y6/2 clay 2 
    3b2Btgi 280-320 2.5Y6/2 clay 3 
    3b2Bt(f) 320-450 10YR6/4 clay 3 
    3b2Btr 450-580 2.5Y6/2 clay 3 
    4C 580-585+ 10YR5/6 
gravelly clay 
loam  
23 2538642 5862768 425.0 A 0-25 10YR4/2 silt loam 1 
    Bw 25-60 10YR6/4 clay loam 1 
    Btg 60-130 10YR6/4 clay loam 1 
    b2Bt(f) 130-180 10YR6/3 clay loam 2 
    b2Btrc 180-270 2.5Y6/3 clay loam 2 
    2b3Btr1 270-630 2.5Y6/3 clay 3 
    2b3Btr2 630-830 7.5YR6/8 clay 3 
    2b3Bt 830-845+ 10YR6/8 clay 3 
24 2539101 5862869 420.0 A 0-30 10YR3/3 silt loam 1 
    Bw(f) 30-50 10YR5/8 clay loam 1 
    Bw(g) 50-75 10YR5/5 clay loam 1 
    b2Bw 75-95 10YR6/4 clay loam 2 
    b2Bg 95-190 10YR6/4 clay loam 2 
    2b3Btg 190-250 10YR6/6 clay 3 
    2b4C 250-260 10YR6/6 
gravelly clay 
loam 
 
25 2539058 5862798 405.0 A 0-10 10YR4/3 silt loam colluvium 
    Bw 10 to 30 10YR7/4 clay loam colluvium 
    Bw(f) 30-55 10YR7/4 clay loam colluvium 
    Bw 55-70 10YR7/4 clay loam colluvium 
    2Bw 70--100 10YR7/4 clay loam colluvium 
    3bBg 100-320 7.5YR5/2 clay loam colluvium 
    4C 320-325+ 
not 
recorded 
gravelly clay 
loam colluvium 
26 2539026 5861985 411.0 Ah 0-27 10YR3/3 silt loam 1 
    Bwg 27-50 
2.5Y6/6 
7.5Y5/8 silt loam 1 
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    Btg 50-80 
10YR5/6 
2.5Y7/1 silt loam 1 
    Bx(g) 80-175 10YR5/8 silt loam 1 
    bBw(g) 175-200 10YR6/8 silty clay loam 2 
    bBcg 200-209 10YR7/1 silt loam 2 
    bBc(g) 209-228 7.5YR5/7 silty clay loam 2 
    bBt(g) 228-280 
7.5YR5/7 
7.5YR5/8 silty clay loam 2 
    b2Bt(g) 280-320 
2.5Y8/1 
10YR7/2 clay loam 3 
    b2Btgc1 320-342 
2.5Y8/1 
7.5YR6/8 clay 3 
    b2Btgc2 342-355 
2.5Y8 
1,7.5YR6/8 clay 3 
    b2Btg 355-378 
5Y8/1 
10YR5/6 clay loam 3 
    b2Bt 378-480 
10YR5/6 
5YR5/8 
gravelly clay 
loam 3 
27 2539102 5862023 403.0 A 0-20 2.5Y4/3 silt loam colluvium 
    Bg 20-35 
10YR4/6 
2.5Y7/2 silt loam colluvium 
    Bgc 35-90 
10YR2/3 
2.5Y1.7/1 silt loam colluvium 
    Bwg 30-150 2.5Y6/4 silt loam colluvium 
    Bg2 150-170 2.5Y6/3 silt loam colluvium 
    Bwg2 170-250 2.5Y6/4 silt loam colluvium 
    Br 250-530 2.5Y6/3 silt loam colluvium 
    Bg3 530-540 2.5Y6/3 silt loam colluvium 
    bBwg 540-708 2.5Y6/4 silt loam colluvium 
28 2538503 5863133 431.0 A 0-25 10YR3/3 silt loam 1 
    Bw(g) 25-80 10YR7/6 clay loam 1 
    Btg 80-100 10YR7/8 clay loam 1 
    Btg(x) 100-150 7.5YR6/8 clay loam 1 
    b2Bwc 150-180 10YR7/6 clay loam 2 
    b2Btg 180-260 10YR7/6 clay loam 2 
    2b3btg 260-320 7.5YR8/8 clay 3 
    4C 320-370+ 7.5YR5/5 
gravelly sandy 
clay loam  
29 2538422 5863074 417.0 A(f) 0-35 10YR4/1 silt loam 1 
    Br 35-90 2.5Y7/1 clay loam 1 
    2Cr 90-95+ 2.5Y6/2 
gravelly sandy 
clay loam 
 
30 2538542 5863327 432.0 A 0-25 10YR4/3 silt loam 1 
    Bw(f) 25-60 2.5Y3/4 clay loam 1 
    Bt(g) 60-130 10YR6/6 clay loam 1 
    b2Bt(g) 130-195 10YR6/6 clay loam 2 
    b2Bt(x) 195-235 10YR6/6 clay loam 2 
    
b2Btc of 
2b3Btc 235-305 10YR6/6 clay 2 
    2b3Btg 305-325 10YR6/6 clay 3 
    2b3bt(g) 325-410 10YR6/6 clay 3 
    2b3Btr 410-780 10BG5/1 clay 3 
    4Cr 780-785+ 10BG5/1 gravelly clay  
31 2538556 5863388 425.0 A 0-30 10YR3/3 silt loam 1 
    Bw(f) 30-65 10YR5/6 clay loam 1 
    Bw 65-95 10YR5/6 clay loam 1 
    2C 95-100+ 2.5Y7/2 gravels  
32 2538833 5863097 422.0 A 0-30 10YR3/3 silt loam 1 
    Bw(f) 30-140 10YR5/6 clay loam 1 
    ?b2Bw(g) 140-170 10YR5/4 clay loam 1 
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    b2Bt 170-180 10YR6/6 clay loam 1 
    b2Bw 180-200 10YR6/8 clay loam 2 
    3C 200-205+    
33 2538843 5863040 419.0 A 0-35 10YR3/2 silt loam 1 
    AB 35-55 10YR3/2 silt loam 1 
    Bt 55-100 10YR5/6 clay loam 1 
    b2Bt 100-430 10YR5/6 clay 2 
    3C 430-435+ nr   
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Appendix 2 
 
 
Infrared-Stimulated Luminescence Methodology 
 
Adapted from the technical report by U. Rieser, 
Victoria University of Wellington 
 
Summary 
All samples were cut from intact cores in Victoria University’s luminescence darkroom 
laboratory. All deposition ages were determined using the silt fraction. The palaeodose, i.e. 
the radiation dose accumulated in the sample after the last light exposure (assumed at 
deposition), was determined by measuring the blue luminescence output during infrared 
optical stimulation (which selectively stimulates the feldspar fraction). The doserate was 
estimated on the basis of a low level gammaspectrometry measurement. All measurements 
were done in Victoria Universities Dating Laboratory. 
 
Procedure / Luminescence measurements 
Sample preparation was done under extremely subdued safe orange light in a darkroom. 
Outer surfaces, which may have seen light during sampling, were removed and discarded. 
Actual water content and the saturation content were measured using 'fresh' inside material.  
The samples were treated with 10% HCl to remove carbonates until the reaction stopped, 
then carefully rinsed with distilled water. Thereafter, all organic matter was destroyed with 
10% H2O2 until the reaction stopped, then carefully rinsed with distilled water. By 
treatment with a solution of sodium citrate, sodium bicarbonate and sodium dithionate iron 
oxide coatings were removed from the mineral grains and then the sample was carefully 
rinsed again. The grain size 4-11 µm was extracted from the samples in a water-filled (with 
added dispersing agent to deflocculate clay) measuring cylinder using Stokes' Law. The 
other fractions were discarded. The samples then are brought into suspension in pure 
acetone and deposited evenly in a thin layer on 70 aluminium discs (1cm diameter).  
 
Luminescence measurements were done using a standard Riso TL-DA15 measurement 
system, equipped with Kopp 5-58 and Schott BG39 optical filters to select the 
luminescence blue band. Stimulation was done at about 30mW/cm2 with infrared diodes at 
880∆80nm. β-irradiations were done on a Daybreak 801E 90Sr, 90Y β-irradiator, calibrated 
against SFU, Vancouver, Canada to about 3% accuracy. α-irradiations were done on a 
241Am irradiator supplied and calibrated by ELSEC, Littlemore, UK. The Paleodoses were 
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estimated by use of the multiple aliquot additive-dose method (with late-light subtraction). 
After an initial test-measurement, 30 aliquots were β-irradiated in six groups up to six 
times of the dose result taken from the test. 9 aliquots were α-irradiated in three groups up 
to three times of the dose result taken from the test. These 39 disks were stored in the dark 
for four weeks to relax the crystal lattice after irradiation. After storage, these 39 disks and 
9 unirradiated disks were preheated for 5min at 220C to remove unstable signal 
components, and then measured for 100 sec each, resulting in 39  shinedown curves. These 
curves were then normalized for their luminescence response, using 0.1s shortshine 
measurements taken before irradiation from all aliquots. 
 
The luminescence growth curve (β-induced luminescence intensity vs added dose) is then 
constructed by using the initial 10 seconds of the shine down curves and subtracting the 
average of the last 20 sec, the so called late light which is thought to be a mixture of 
background and hardly bleachable components. The shine plateau was checked to be flat 
after this manipulation. Extrapolation of this growth curve to the dose-axis gives the 
equivalent dose De, which is used as an estimate of the Paleodose. A similar plot for the 
alpha-irradiated discs allows an estimate of the α-efficiency, the a-value 
(Luminescence/dose generated by the α-source divided by the luminescence/dose 
generated by the β-source). 
 
Fading test 
Samples containing feldspars in rare cases show an effect called anomalous fading. This 
effect inhibits accurate dating of the sample, as the electron traps in the crystal lattice of 
these feldspars are unable to store the age information over longer periods of time. None of 
samples displayed anomalous fading. 
 
Gamma spectrometry procedure 
The dry, ground and homogenised soil samples were encapsuled in airtight perspex 
containers and stored for at least 4 weeks. This procedure minimizes the loss of the short-
lived noble gas 222Rn and allows 226Ra to reach equilibrium with its daughters 214Pb and 
214Bi. The samples were counted using high resolution gamma spectrometry with a broad 
energy Ge detector for a minimum time of 24h. The spectra were analysed using 
GENIE2000 software. The doserate calculation is based on the activity concentration of 
the nuclides 40K, 208Tl, 212Pb, 228Ac, 214Bi, 214Pb, 226Ra. 
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Appendix 4 
 
 
Interfluve Phosphorus Data 
See Chapter 3 for Methods 
 
PT = Total P 
PO = Organic P 
PCa = Mineral apatite P 
PFe/Al = Iron- and aluminium-bound P 
POcc = Occluded P 
Depth 
(m) 
PT 
(µg g-1) 
PO 
(µg g-1) 
PCa 
(µg g-1) 
PFe/Al 
(µg g-1) 
POcc 
(µg g-1) 
      
0.0 497.77 151.49 14.71 43.25 288.31 
0.1 314.82 74.58 10.43 24.44 205.37 
0.2 248.23 28.81 4.88 13.78 200.76 
0.3 236.94 41.85 2.71 15.70 176.70 
0.4 169.01 6.18 5.14 23.49 134.20 
0.5 205.18 31.20 12.48 32.82 128.68 
0.6 229.60 52.90 16.88 37.89 121.93 
0.7 245.23 47.08 46.07 54.19 97.89 
0.8 372.82 58.53 75.82 99.39 139.08 
0.9 504.67 43.84 86.12 149.86 224.85 
1.1 470.55 0.03 104.64 178.03 187.85 
1.3 406.43 0.38 82.42 142.08 181.54 
1.5 417.46 0.00 48.90 133.81 234.75 
1.7 404.84 33.73 26.94 116.02 228.15 
1.9 250.51 26.75 8.16 69.24 146.36 
2.1 129.70 37.90 20.41 70.11 1.28 
2.3 159.05 29.34 15.17 58.03 56.50 
2.5 208.42 18.69 14.11 64.35 111.27 
2.7 171.50 21.83 3.94 57.78 87.95 
2.9 254.21 23.21 1.53 67.90 161.57 
3.1 85.71 13.96 1.23 47.40 23.12 
3.3 130.00 0.00 3.77 36.70 89.25 
3.5 103.19 24.79 3.98 17.44 56.98 
3.7 225.23 15.10 5.62 45.77 158.75 
3.9 299.33 23.83 47.74 93.87 133.88 
4.1 221.41 21.37 38.11 94.46 67.47 
4.3 229.08 20.50 36.42 81.16 91.00 
4.5 292.27 16.88 55.29 70.94 149.16 
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Appendix 5a 
 
 
Interfluve Phytolith Data – Raw Counts 
See Chapter 4 for Methods 
 
 
Depth 
(m) 
Total Spherical 
Verrucose 
Bulliform Elongate Chionochloid Chloridoid Festucoid Panicoid Truncated 
Cone 
Point 
0.0 310 163 2 83 25 8 12 6 11 0 
0.1 319 171 17 85 11 7 10 6 10 0 
0.2 336 204 16 70 25 6 1 2 6 5 
0.3 344 241 12 64 15 8 1 1 1 0 
0.4 333 147 15 80 44 35 3 0 8 0 
0.5 320 130 2 81 60 29 1 1 14 2 
0.6 315 129 1 83 53 45 0 2 2 0 
0.7 342 91 1 105 70 51 6 0 18 0 
0.8 324 52 3 123 67 50 4 1 16 8 
0.9 330 39 5 146 59 57 14 0 2 6 
1.1 325 76 7 155 47 23 5 0 3 8 
1.3 330 39 5 93 141 42 4 0 3 3 
1.5 338 71 2 75 141 42 0 1 4 1 
1.7 338 118 6 99 83 18 4 1 3 6 
1.9 340 174 2 124 16 9 3 0 3 9 
2.1 336 246 10 54 16 10 0 0 0 0 
2.3 327 208 18 46 31 16 2 0 2 3 
2.5 361 252 10 22 52 18 0 1 3 3 
2.7 356 283 8 26 25 7 1 1 3 2 
2.9 365 298 35 17 12 1 0 0 1 1 
3.1 370 352 8 9 1 0 0 0 0 0 
3.3 341 336 1 1 2 0 0 0 0 1 
3.5 352 320 29 3 0 0 0 0 0 0 
3.7 340 304 15 21 0 0 0 0 0 0 
3.9 339 270 19 42 2 1 1 0 0 2 
4.1 327 248 11 50 8 1 2 1 0 5 
4.3 303 191 19 74 6 6 2 1 2 2 
4.5 300 220 14 58 4 2 0 1 0 0 
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Appendix 5b 
 
 
Gully Phytolith Data – Raw Counts 
See Chapter 4 for Methods 
 
 
Depth 
(m) 
Total Spherical 
Verrucose 
Bulliform Elongate Chionochloid Chloridoid Festucoid Panicoid Truncated 
Cone 
Point Diatom 
0.0 352 146 0 77 26 47 11 7 13 0 18 
0.2 364 120 13 97 52 18 8 9 11 3 23 
0.4 365 180 13 56 55 17 2 4 10 0 18 
0.6 356 197 5 34 65 22 4 4 9 1 14 
0.8 367 166 0 46 78 20 10 3 13 0 18 
1.0 348 82 0 60 98 36 12 1 23 1 26 
1.2 391 22 0 133 92 44 8 1 27 5 43 
1.4 380 35 1 135 117 17 13 1 6 3 38 
1.6 428 16 0 109 122 46 10 1 10 3 86 
1.8 411 33 0 97 101 58 4 5 8 4 79 
2.0 488 21 0 132 116 27 6 2 6 2 142 
2.2 469 65 2 178 68 15 8 4 4 3 84 
2.4 547 111 0 131 66 6 4 6 8 0 181 
2.6 420 29 2 251 31 3 7 5 7 5 64 
2.8 406 75 0 150 78 2 9 3 10 2 55 
3.0 453 76 0 123 93 5 17 5 6 1 104 
3.2 366 37 1 175 79 0 12 3 13 3 23 
3.4 362 23 0 196 61 0 20 5 14 4 21 
3.6 344 53 4 154 72 0 14 5 9 6 21 
3.8 351 39 3 218 47 0 7 2 13 7 5 
4.0 339 39 2 185 84 4 7 2 7 1 2 
4.2 353 48 4 212 73 3 4 0 1 3 1 
4.4 378 61 0 185 103 2 4 6 6 4 5 
4.6 328 43 3 185 83 1 1 0 4 4 2 
4.8 345 43 1 195 86 4 4 0 5 3 3 
5.0 328 48 3 175 80 5 3 0 2 6 2 
5.2 333 89 9 130 97 2 0 0 1 1 1 
5.4 364 129 6 130 89 2 1 0 0 2 1 
5.6 349 133 3 118 86 1 2 0 1 2 1 
5.8 344 115 12 134 71 0 2 1 4 2 1 
6.0 320 149 1 79 74 3 0 1 7 2 1 
6.2 332 159 6 93 54 6 3 1 4 1 1 
6.4 324 178 7 89 33 2 2 0 5 3 3 
6.6 327 154 2 110 38 0 6 1 5 3 4 
6.8 322 180 15 110 8 0 2 0 0 2 2 
7.0 334 245 38 42 3 0 0 0 1 1 1 
 192 
Complete List of References 
 
 
Adamiec, G., and Aitken, M. J. (1998). Dose conversion factors: update. Ancient TL 16, 37-50. 
Adams, J. M., and Faure, H. (1998). A new estimate of changing carbon storage on land since the 
last glacial maximum, based on global land ecosystem reconstruction. Global and 
Planetary Change 16-17, 3-24. 
Adams, J. M., Faure, H., Faure-Denard, L., McGlade, J. M., and Woodward, F. I. (1990). Increases 
in terrestrial carbon storage from the Last Glacial Maximum to the present. Nature 348, 
711-714. 
Aitken, M. J. (1985). "Thermoluminescence Dating." Academic Press, London. 
Aitken, M. J. (1992). Optical dating. Quaternary Science Reviews 11, 127-131. 
Aitken, M. J. (1998). "An Introduction to Optical Dating: The Dating of Quaternary Sediments by 
the Use of Photon-Stimulated Luminescence." Oxford University Press, Oxford. 
Alloway, B. V., Almond, P. C., Augustinus, P. C., Barrell, D. J. A., Bertler, N. A. N., Carter, L., 
Litchfield, N. J., Lowe, D. J., McGlone, M. S., Newnham, R. M., Shulmeister, J., 
Vandergoes, M. J., Williams, P. W., and Members, N.-I. (2007). Towards a climate event 
stratigraphy for New Zealand over the past 30 000 years (NZ-INTIMATE project). Journal 
of Quaternary Science 22, 9-35. 
Alloway, B. V., Larsen, G., Lowe, D. J., Shane, P. A. R., and Westgate, J. A. (2006). 
Tephrochronology. In "Encyclopaedia of Quaternary Science." (S. A. Elias, Ed.). Elsevier. 
Alloway, B. V., Pillans, B. J., Carter, L., Naish, T. R., and Westgate, J. A. (2005). Onshore-
offshore correlation of Pleistocene rhyolitic eruptions from New Zealand: implications for 
TVZ eruptive history and paleoenvironmental construction. Quaternary Science Reviews 
24, 1601-1622. 
Alloway, B. V., Stewart, R. B., Neall, V. E., and Vucetich, C. G. (1992). Climate of the last 
glaciation in New Zealand, based on aerosolic quartz influx in an andesitic terrain. 
Quaternary Research 38, 447-479. 
Almond, P. C. (1996). Loess, soil stratigraphy and Aokautere Ash on late Pleistocene surfaces in 
south Westland, New Zealand: interpretation and correlation with the glacial stratigraphy. 
Quaternary International 34-36, 163-176. 
Almond, P. C. (1997). "Soils and geomorphology of a lowland rimu forest managed for sustainable 
timber production." Unpublished PhD thesis, Lincoln University, Canterbury, New 
Zealand. 
Almond, P. C., Moar, N. T., and Lian, O. B. (2001). Reinterpretation of the glacial chronology of 
South Westland, New Zealand New Zealand Journal of Geology and Geophysics 44, 1-15. 
Almond, P. C., Shanhun, F. L., Rieser, U., and Shulmeister, J. (2007). An OSL, radiocarbon and 
tephra isochron-based chronology for Birdlings Flat loess at Ahuriri Quarry, Banks 
Peninsula, Canterbury, New Zealand. Quaternary Geochronology 2, 4-8. 
Almond, P. C., and Tonkin, P. J. (1999). Pedogenesis by upbuilding in an extreme leaching and 
weathering environment, and slow loess accretion, south Westland, New Zealand. 
Geoderma 92, 1-36. 
Anders, M. D., Pederson, J. L., Rittenour, T. M., Sharp, W. D., Gosse, J. C., Karlstrom, K. E., 
Crossey, L. J., Goble, R. J., Stockli, L., and Yang, G. (2005). Pleistocene geomorphology 
and geochronology of eastern Grand Canyon: linkages of landscape components during 
climate changes. Quaternary Science Reviews 24, 2428-2448. 
Bacon, S.N., Chinn, T.J., Van Dissen, R.J., Tillinghast, S.F., Goldstein, H.L. and Burke, R.M. 
(2001). Paleo-equilibrium line altitude estimates from late Quaternary glacial features in 
the Inland Kaikoura Range, South Island, New Zealand. New Zealand Journal of Geology 
and Geophysics 44, 55-67. 
Balco, G., and Stone, J. O. H. (2005). Measuring middle Pleistocene erosion rates with cosmic-ray-
produced nuclides in buried alluvial sediment, Fisher Valley, southeastern Utah. Earth 
Surface Processes and Landforms 30, 1051-1067. 
Bannister, P., and Lord, J. M. (2006). Comparative winter frost resistance of plant species from 
southern Africa, Australia, New Zealand, and South America grown in a common 
environment (Dunedin, New Zealand). New Zealand Journal of Botany 44, 109-119. 
Barnola, J.-M., Raynaud, D., Korotkevich, Y. S., and Lorius, C. (1987). Vostok ice core provides 
160,000-year record of atmospheric CO2. Nature 329, 408-414. 
 193 
Barrows, T. T., and Juggins, S. (2005). Sea-surface temperatures around the Australian margin and 
Indian Ocean during the Last Glacial Maximum. Quaternary Science Reviews 24, 1017-
1047. 
Barrows, T. T., Juggins, S., De Dekker, P., and Calvo, E. (2007). Long-term sea surface 
temperature and climate change in the Australia-New Zealand region. Paleoceanography 
22, PA2215, doi:10.1029/2006PA001328. 
Beerling, D. J. (1999). New estimates of carbon transfer to terrestrial ecosystems between the last 
glacial maximum and the Holocene. Terra Nova 11, 162-167. 
Berger, G. W. (1988). Dating Quaternary events by luminescence. Geological Society of America 
Special Paper 227, 13-50. 
Berger, G. W. (1994). Thermoluminescence dating of sediment older than ca. 100 ka. Quaternary 
Science Reviews (Quaternary Geochronology) 13, 445-456. 
Berger, G. W. (1995). Progress in luminescence dating methods for Quaternary sediments. In 
"Dating Methods for Quaternary Sediments." (N. W. Rutter, and N. R. Catto, Eds.), pp. 81-
104. Geological Association of Canada. 
Berger, G. W., Almond, P. C., and Pillans, B. J. (2001a). Luminescence dating and glacial 
stratigraphy in Westland, New Zealand. New Zealand Journal of Geology and Geophysics 
44, 25-35. 
Berger, G. W., Pillans, B. J., Bruce, J. G., and McIntosh, P. D. (2002). Luminescence chronology 
of loess-paleosol sequences from southern South Island, New Zealand. Quaternary Science 
Reviews 21, 1899-1913. 
Berger, G. W., Pillans, B. J., and Tonkin, P. J. (2001b). Luminescence chronology of loess-paleosol 
sequences from Canterbury, South Island, New Zealand. New Zealand Journal of Geology 
and Geophysics 44, 501-516. 
Berger, G. W., Tonkin, P. J., and Pillans, B. J. (1996). Thermoluminescence ages of post-glacial 
loess, Rakaia River, South Island, New Zealand. Quaternary International 34-36, 177-181. 
Berner, R. A. (2006). A combined model for Phanerozoic atmospheric O2 and CO2. Geochimica et 
Cosmochimica Acta 70, 5653-5664. 
Berner, R. A., and Kothavala, Z. (2001). GEOCARB III: a revised model of atmospheric CO2 over 
Phanerozoic time. American Journal of Science 301, 182-204. 
Berner, R. A., VandenBrooks, J. M., and Ward, P. D. (2007). Oxygen and evolution. Science 316, 
557-558. 
Bettis III, E. A., Muhs, D. R., Roberts, H. M., and Wintle, A. G. (2003). Last Glacial loess in the 
coterminous USA. Quaternary Science Reviews 22, 1907-1946. 
Bickert, T., Curry, W. B., and Wefer, G. (1997). Late Pliocene to Holocene (2.6-0 Ma) western 
equatorial Atlantic deep-water circulation: Inferences from benthic stable isotopes. 
Proceedings of ODP Scientific Research 154, 239-253. 
Billups, K., Ravelo, A. C., and Zachos, J. C. (1997). Early Pliocene deep-water circulation: Stable 
isotope evidence for enhanced northern component deep water. Proceedings of ODP 
Scientific Research 154, 319-330. 
Bird, M. I., Lloyd, J., and Farquhar, G. D. (1994). Terrestrial carbon storage at the LGM. Nature 
371, 566. 
Birkeland, P. W. (1999). "Soils and Geomorphology." Oxford University Press. 
Blakemore, L.C., Searle, P.L. and Daly, B.K. (1987). Methods for Chemical Analysis of Soils. NZ 
Soil Bureau Scientific Report 80. NZ Soil Bureau, Lower Hutt. 
Blinnikov, M., Busacca, A., and Whitlock, C. (2002). Reconstruction of the late Pleistocene 
grassland of the Columbia basin, Washington, USA, based on phytolith records in loess. 
Palaeogeography, Palaeoclimatology, Palaeoecology 177, 77-101. 
Bowman, R. A. (1989). A sequential extraction procedure with concentrated sulfuric acid and 
dilute base for soil organic phosphorus. Soil Science Society of America Journal 53, 362-
366. 
Broecker, W. (1997). Future directions of paleoclimate research. Quaternary Science Reviews 16, 
821-825. 
Bronk Ramsey, C. (2001). Development of the radiocarbon calibration program OxCal. 
Radiocarbon 43, 355-363. 
Brown, G. G., Feller, C., Blanchart, E., Deleporte, P., and Chernyanskii, S. S. (2003). With 
Darwin, earthworms turn intelligent and become human friends. Pedobiologia 47, 924-933. 
Brozović, N., Burbank, D. W., and Meigs, A. J. (1997). Climatic limits on landscape development 
in the Northwestern Himalaya. Science 276, 571-574. 
 194 
Bruce, J. G. (1973a). Loessial deposits in southern South Island, with a definition of Stewarts 
Claim formation. New Zealand Journal of Geology and Geophysics 16, 533-548. 
Bruce, J. G. (1973b). A time-stratigraphic sequence of loess deposits on near-coastal surfaces in the 
Balclutha district. New Zealand Journal of Geology and Geophysics 16, 549-556. 
Bruce, J. G. (1996). Morphological characteristics and interpretation of some polygenetic soils in 
loess in southern South Island, New Zealand. Quaternary International 34-36, 205-211. 
Bull, W. B. (1991). "Geomorphic responses to climate change." Oxford University Press, New 
York. 
Burge, P. I., and Shulmeister, J. (2007). Re-envisioning the structure of last glacial vegetation in 
New Zealand using beetle fossils. Quaternary Research 68, 121-132. 
Burge, P. I., and Shulmeister, J. (Accepted). Re-envisioning the structure of New Zealand 
vegetation during the last glaciation using beetle fossils. Quaternary Research. 
Burns, S. F., and Tonkin, P. J. (1987). Erosion and sediment transport by windblow in a mountain 
beech forest, New Zealand. In "Erosion and sedimentation in the Pacific Rim." (R. C. 
Beschta, T. Blinn, G. E. Grant, G. C. Ice, and F. J. Swanson, Eds.), pp. 269-278. 
International Association of Hydrological Sciences, Wallingford, England. 
Burroughs, W. J. (2005). "Climate Change in Prehistory - The End of the Reign of Chaos." 
Cambridge University Press. 
Burrows, C. J. (1995). A macrofossil flora from sediments in a lagoon marginal to Lake Coleridge, 
Canterbury, New Zealand. New Zealand Journal of Botany 33, 519-522. 
Burrows, C. J., and Russell, J. B. (1990). Aranuian vegetation history of the Arrowsmith Range, 
Canterbury: I. Pollen diagrams, plant macrofossils, and buried soils from Prospect Hill. 
New Zealand Journal of Botany 28, 323-345. 
Busacca, A. J. (1987). Pedogenesis of a chronosequence in the Sacramento Valley, California, 
U.S.A.: I. Application of soil development index. Geoderma 41, 123-148. 
Busacca, A. J., and McDonald, E. V. (1994). Regional sedimentation of Late Quaternary loess on 
the Columbia Plateau: Sediment sources areas and loess distribution patterns. Washington 
Division of Geology and Earth Resources Bulletin 80, 191-190. 
Caillon, N., Severinghaus, J. P., Jean Jouzel, J., Barnola, J.-M., Kang, J., and Lipenkov, V. Y. 
(2003). Timing of atmospheric CO2 and Antarctic temperature changes across Termination 
III. Science 299, 1728 - 1731. 
Campbell, I. B. (1984). Kawakawa Tephra distribution in South Island. New Zealand Soil News 3, 
184-185. 
Campbell, I. B. (1986). New occurrences and distribution of Kawakawa Tephra in South Island, 
New Zealand. New Zealand Journal of Geology and Geophysics 29, 425-435. 
Carter, J. (2002). Phytolith analysis and paleoenvironmental reconstruction from Lake Poukawa 
Core, Hawkes Bay, New Zealand. Global and Planetary Change 33, 257-267. 
Carter, J. A. (2000). Phytoliths from loess in Southland, New Zealand. New Zealand Journal of 
Botany 38, 325-332. 
Carter, J. A., and Lian, O. B. (2000). Palaoenvironmental reconstruction from the last interglacial 
using phytolith analysis, southeastern North Island, New Zealand. Journal of Quaternary 
Science 15, 733-743. 
Carter, L., Nelson, C. S., Neil, H. L., and Froggat, P. C. (1995). Correlation, dispersal, and 
preservation of the Kawakawa Tephra and other late Quaternary tephra layers in the 
Southwest Pacific Ocean. New Zealand Journal of Geology and Geophysics 38, 29-46. 
Cederbom, C. E., Sinclair, H. D., Schlunegger, F., and Rahn, M. K. (2004). Climate-induced 
rebound and exhumation of the European Alps. Geology 32, 709-712. 
Champagnac, J. D., Molnar, P., Anderson, R. S., Sue, C., and Delacou, B. (2007). Quaternary 
erosion-induced isostatic rebound in the western Alps. Geology 35, 195-198. 
Chappell, J., and Shackleton, N. J. (1986). Oxygen isotopes and sea level. Nature 324, 137-140. 
Chlachula, J. (2003). The Siberian loess record and its significance for reconstruction of 
Pleistocene climate change in north-central Asia. Quaternary Science Reviews 22, 1879-
1906. 
Clarke, J. (2003). The occurrence and significance of biogenic opal in the regolith. Earth-Science 
Reviews 60, 175-194. 
Clarkson, B. D. (1990). A review of vegetation development following recent (<450 years) 
volcanic disturbance in North Island, New Zealand. New Zealand Journal of Ecology 14, 
59-71. 
CLIMAP. (1976). The surface of the Ice-Age Earth. Science 191, 1131-1137. 
 195 
CLIMAP. (1981). Seasonal reconstruction of the Earth's surface at the last glacial maximum. 
Geological Society of America, Map and Chart Series Vol. C36. 
Collins, D. B. G., Bras, R. L., and Tucker, G. E. (2004). Modeling the effects of vegetation-erosion 
coupling on landscape evolution. Journal of Geophysical Research 109, F03004, doi: 
10.1029/2003JF000028. 
Crawford, R. M. (1981). The siliceous components of the diatom cell wall and their morphological 
variation. In "Silicon and Siliceous Structures in Biological Systems." (T. L. Simpson, and 
B. Volcani, Eds.), pp. 129-156. Springer-Verlag, New York. 
Cross, A. F., and Schlesinger, W. H. (1995). A literature review and evaluation of the Hedley 
fractionation: Applications to the biogeochemical cycle of soil phosphorus in natural 
ecosystems. Geoderma 64, 197-214. 
Crowley, T. J. (1991). Ice age carbon. Nature 352, 575-576. 
Crowley, T. J. (1995). Ice age terrestrial carbon changes revisited. Global Biogeochemical Cycles 
9, 377-389. 
Crutzen, P. J., and Stoermer, E. F. (2000). The Anthropocene. In "IGBP Newsletter 41, May 2000. 
http://www.mpch-mainz.mpg.de/~air/anthropocene/." 
Darwin, C. (1859). "On the Origin of Species by Means of Natural Selection, or the Preservation of 
Favoured Races in the Struggle for life." John Murray, London. 
Darwin, C. (1881). "The formation of vegetable mould through the action of worms with 
observations on their habits." John Murray, London. 
Delmonte, B., et al. . (2004). EPICA Dome C Ice Cores Insoluble Dust Data. IGBP PAGES/World 
Data Center for Paleoclimatology Data Contribution Series # 2004-040. NOAA/NGDC 
Paleoclimatology Program, Boulder CO, USA. 
Denny, C. S., and Goodlett, J. C. (1957). Microrelief resulting from fallen trees. United States 
Geological Survey Professional Paper 288, 59-68. 
Denton, G. H., and Hendy, C. H. (1994). Younger Dryas advance of Franz Joseph Glacier in the 
Southern Alps of New Zealand. Science 264, 1434-1437. 
Denton, G. H., Heusser, C. J., Lowell, T. V., Moreno, P. J., Anderson, B. G., Heusser, L. E., 
Schlüchter, C., and Marchant, D. R. (1999). Interhemispheric linkage of paleoclimate 
during the last glaciation. Geografiska Annaler  81A, 107-153. 
Dietrich, W. E., and Dorn, R. (1984). Significance of thick deposits of colluvium on hillslopes: A 
case study involving the use of pollen analysis in the coastal mountains of northern 
California. Journal of Geology 92, 147-158. 
Dorken, M. E., and Eckert, C. G. (2001). Severely reduced sexual reproduction in northern 
populations of a clonal plant, Decodon verticillatus (Lythraceae). Journal of Ecology 89, 
339-350. 
Drees, L. R., Wilding, L. P., Smeck, N. E., and Senkayi, A. L. (1989). Silica in Soils: Quartz and 
Disordered Silica Polymorphs. In "Minerals in Soil Environments." (J. B. Dixon, and S. B. 
Weed, Eds.), pp. 913-974. SSSA Book Series. Soil Science Society of America, Madison, 
W.I. 
Drost, F., Renwick, J., Bhaskaran, B., Oliver, H., and McGregor, J. (in press). A simulation of New 
Zealand's climate during the Last Glacial Maximum. Quaternary Science Reviews. 
Dugmore, A. J., Newton, A. J., Sugden, D. E., and Larsen, G. (1992). Geochemical stability of 
fine-grained silicic Holocene tephra in Iceland and Scotland. Journal of Quaternary 
Science 7, 173-183. 
Duller, G. A. (2004). Luminescence dating of Quaternary sediments: recent advances. Journal of 
Quaternary Science 19, 183-192. 
Duller, G. A. T. (1995). Luminescence dating using single aliquots: methods and applications. 
Radiation Measurements 24, 217-226. 
Duller, G. A. T. (1996). Recent developments in luminescence dating of Quaternary sediments. 
Progress in Physical Geography 20, 127-145. 
Eden, D. E., and Hammond, A. P. (2003). Dust accumulation in the New Zealand region since the 
last glacial maximum. Quaternary Science Reviews 22, 2037-2052. 
Eden, D. N. (1987). Stratigraphy and chronology of Seaview Formation, Awatere Valley, South 
Island, New Zealand. In "Aspects of Loess Research." (L. Tungshen, Ed.), pp. 206-229. 
China Ocean Press. 
Eden, D. N. (1989). River terraces and their loessial cover beds, Awatere River valley, South 
Island, New Zealand. New Zealand Journal of Geology and Geophysics 32, 487-497. 
 196 
Eden, D. N., and Froggat, P. C. (1988). Identification and stratigraphic significance of distal 
Aokautere Ash in three loess cores from eastern South Island, New Zealand. In "LOESS : 
its distribution, geology and soils : proceedings of an International Symposium on Loess, 
New Zealand, 14-21 February 1987." (D. N. Eden, and R. J. Furkert, Eds.), pp. 245. 
Balkema, Rotterdam. 
Eden, D. N., Froggat, P. C., and McIntosh, P. D. (1992). The distribution and composition of 
volcanic glass in late Quaternary loess deposits of southern South Island, New Zealand, 
and some possible correlations. New Zealand Journal of Geology and Geophysics 35, 69-
79. 
Eden, D. N., Palmer, A. S., Cronin, S. J., Marden, M., and Berryman, K. R. (2001). Dating the 
culmination of river aggradation at the end of the last glaciation using distal tephra 
compositions, eastern North Island, New Zealand. Geomorphology 38, 133-151. 
EPICA Community members (2004a). Eight glacial cycles from an Antarctic ice core. Nature 429, 
623-628. 
Esser, G., and Lautenschlager, M. (1994). Estimating the change of carbon in the terrestrial 
biosphere from 18 000 BP to present using a carbon cycle model. Environmental Pollution 
83, 45-53. 
Eusden Jr, J. D., Pettinga, J. R., and Campbell, J. K. (2005). Structural collapse of a transpressive 
hanging-wall fault wedge, Charwell region of the Hope Fault, South Island, New Zealand. 
New Zealand Journal of Geology and Geophysics 48, 295-309. 
Feller, C., Brown, G. G., Blanchart, E., Deleporte, P., and Chernyanskii, S. S. (2003). Charles 
Darwin, earthworms and the natural sciences: various lessons from past to future. 
Agriculture, Ecosystems and Environment 99, 29-49. 
Forman, S. L. (1989). Applications and limitations of thermoluminescence to date Quaternary 
sediments. Quaternary International 1, 47-59. 
Frechen, M., Oches, E. A., and Kohfeld, K. E. (2003). Loess in Europe - mass accumulation rates 
during the Last Glacial Period. Quaternary Science Reviews 22, 1835-1857. 
Froggat, P. C. (1983). Toward a comprehensive upper Quaternary tephra and ignimbrite 
stratigraphy in New Zealand using electron microprobe analysis of glass shards. 
Quaternary Research 19, 188-200. 
Froggat, P. C. (1992). Standardization of the chemical analysis of tephra deposits. Report of the 
ICCT Working Group. Quaternary International 13/14, 93-96. 
Froggat, P. C., and Lowe, D. J. (1990). A review of late quaternary silicic and some other tephra 
formations from New Zealand: their stratigraphy, nomenclature, distribution, volume, and 
age. New Zealand Journal of Geology and Geophysics 33, 89-109. 
Gabet, E. J., Reichman, O. J., and Seabloom, E. W. (2003). The effects of bioturbation on soil 
processes and sediment transport. Annual Review of Earth and Planetary Sciences 31, 249-
273. 
Gilbert, G. K. (1877). Report on the geology of the Henry Mountains (Utah), Survey of the Rocky 
Mountains Region. U.S. Geological Survey. 
Goh, K. M., Molloy, B. J. P., and Rafter, T. A. (1977). Radiocarbon dating of Quaternary loess 
deposits, Banks Peninsula, Canterbury, New Zealand. Quaternary Research 7, 177-196. 
Goh, K. M., Tonkin, P. J., and Rafter, T. A. (1978). Implications of improved radiocarbon dates of 
Timaru peats on Quaternary loess stratigraphy. New Zealand Journal of Geology and 
Geophysics 21, 463-466. 
Goossens, D. (1988). The effect of surface curvature on the deposition of loess: A physical model. 
Catena 15, 179-194. 
Goossens, D. (2001). The aeolian dust accumulation curve. Earth Surface Processes and 
Landforms 26, 1213-1219. 
Gradwell, M. W. (1979). Subsoil hydraulic conductivities of major New Zealand soil groups at 
water contents near field capacity. New Zealand Journal of Agricultural Research 22, 603-
614. 
Griffiths, E. (1973). Loess of Banks Peninsula. New Zealand Journal of Geology and Geophysics 
16, 657-675. 
Griffiths, E. (1980). Descriptions and Analyses of Soils of Waikari District, North Canterbury, 
New Zealand. In "N.Z. Soil Survey Report 56." pp. 84. Department of Scientific and 
Industrial Research, Wellington, New Zealand. 
Griffiths, G. A., and McSaveney, M. J. (1983). Distribution of mean annual precipitation across 
some steepland regions of New Zealand. New Zealand Journal of Science 26, 197-209. 
 197 
Haase, P. (1991). Population studies of isolated Nothofagus fusca stands in the lower Otira Valley, 
South Island, New Zealand. New Zealand Journal of Ecology 15, 79-86. 
Haeuselmann, P., Granger, D. E., Jeannin, P.-Y., and Lauritzen, S.-E. (2007). Abrupt glacial valley 
incision at 0.8 Ma dated from cave deposits. Geology 35, 143-146. 
Hammond, A. P., Goh, K. M., Tonkin, P. J., and Manning, M. R. (1991). Chemical pretreatments 
for improving the radiocarbon dates of peats and organic silts in a gley podzol 
environment: Grahams Terrace, North Westland. New Zealand Journal of Geology and 
Geophysics 34, 191-194. 
Handy, R. L. (1976). Loess distribution by variable winds. Geological Society of America Bulletin 
87, 915-927. 
Harden, J. W. (1982). A quantitative index of soil development from field descriptions: Examples 
from a chronosequence in Central California. Geoderma 28, 1-28. 
Harden, J. W., and Taylor, E. T. (1983). A quantitative comparison of soil development in four 
climatic regimes. Quaternary Research 20, 342-395. 
Harrison, R., Swift, R. S., and Tonkin, P. J. (1994). A study of two soil development sequences 
located in a montane area of Canterbury, New Zealand, III. Soil phosphorus 
transformations. Geoderma 61, 151-163. 
Hart, P. B. S., Clinton, P. W., Allen, R. B., Nordmeyer, A. H., and Evans, G. (2003). Biomass and 
macro-nutrients (above- and below-ground) in a New Zealand beech (Nothofagus) forest 
ecosystem: implications for carbon storage and sustainable forest management. Forest 
Ecology and Management 174, 281-294. 
Hays, J. D., Imbrie, J., and Shackleton, N. J. (1976). Variations in the Earth's Orbit: Pacemaker of 
the Ice Ages. Science 194, 1121-1132. 
Hellstrom, J., McCulloch, M., and Stone, J. (1998). A detailed 31,000-year record of climate and 
vegetation change, from the isotope geochemistry of two New Zealand speleothems. 
Quaternary Research 20, 167-178. 
Hesse, P. P., and McTanish, G. H. (2003). Australian dust deposits: modern processes and the 
Quaternary record. Quaternary Science Reviews 22, 2007-2035. 
Hewitt, C. D., and Mitchell, J. F. B. (1997). Radiative forcing and response of a GCM to ice age 
boundary conditions: cloud feedback and climate sensitivity. Climate Dynamics 13, 821-
834. 
Hicks, S. (2006). When no pollen does not mean no trees. Vegetation History and Archaeobotany 
15, 253-261. 
Holdaway, R. N. (1989). New Zealand's pre-human avifauna and its vulnerability. New Zealand 
Journal of Ecology 12, 11-25. 
Holdaway, R. N., Worthy, T. H., and Tennyson, A. J. D. (2001). A working list of breeding bird 
species of the New Zealand region at first human contact. New Zealand Journal of Zoology 
28, 119-187. 
Hole, F. D. (1961). A classification of pedoturbations and some other processes and factors of soil 
formation in relation to isotropism and anisotropism. Soil Science 91, 375-377. 
Hole, F. D. (1981). Effects of animals on soil. Geoderma 25, 75-112. 
Hormes, A., Preusser, F., Denton, G., Hajdas, I., Weiss, D., Stocker, T. F., and Schluchter, C. 
(2003). Radiocarbon and luminescence dating of overbank deposits in outwash sediments 
of the Last Glacial Maximum in North Westland, New Zealand. New Zealand Journal of 
Geology and Geophysics 46, 95-106. 
Horrocks, M., Deng, Y., Ogden, J., and Sutton, D. G. (2000). A reconstruction of the history of a 
Holocene sand dune on Great Barrier Island, northern new Zealand, using pollen and 
phytolith analyses. Journal of Biogeography 27, 1269-1277. 
Huang, C. C., Jia, Y., Pang, J., Zha, X., and Su, H. (2006). Holocene colluviation and its 
implications for tracing human-induced soil erosion and redeposition on the piedmont loess 
lands of the Qinling Mountains, northern China. Geoderma 136, 838-851. 
Huang, C. C., Pang, J., and Huang, P. (2002). An early Holocene erosion phase on the loess 
tablelands in the southern Loess Plateau of China. Geomorphology 43, 209-218. 
Hughen, K. A., Lehman, S., Southon, J., Overpeck, J., Marchal, O., Herring, C., and Turnbull, J. 
(2004). 14C activity and global carbon cycle changes over the past 50,000 years. Science 
3030, 202-207. 
Hughes, M. W. (2003). "Quantitative soil-landscape modelling in North Otago, South Island, New 
Zealand." Unpublished Masters thesis, Lincoln University, Canterbury, New Zealand. 
 198 
Hughes, M. W., Schmidt, J., and Almond, P. C. (submitted). A comparison of environmental 
correlation and automatic landform stratification for quantitative loess-landscape modelling 
in North Otago, South Island, New Zealand. Geoderma. 
Hunt, J. B., and Hill, P. G. (1993). Tephra geochemistry: a discussion of some persistent analytical 
problems. The Holocene 3, 271-278. 
Hunt, J. B., and Hill, P. G. (1996). An inter-laboratory comparison of the electron probe 
microanalysis of glass chemistry. Quaternary International 34-36, 229-241. 
Hunt, J. B., and Hill, P. G. (2001). Tephrological implications of beam-size sample-size effects in 
electron microprobe analysis of glass shards. Journal of Quaternary Science 16, 105-117. 
Imbellone, P. A., and Teruggi, M. E. (1993). Paleosols in loess deposits of the Argentine Pampas. 
Quaternary International 17, 49-55. 
IPCC. (2007a). Climate Change 2007. Working Group I: The Physical Basis of Climate Change. 
Intergovernmental Panel on Climate Change. 
IPCC. (2007b). Climate Change 2007. Working Group II: Impacts, Adaptation and Vulnerability. 
Intergovernmental Panel on Climate Change. 
IPCC. (2007c). Climate Change 2007. Working Group III: Mitigation of Climate Change. 
Intergovernmental Panel on Climate Change. 
Istanbulluoglu, E., and Bras, R. L. (2005). Vegetation-modulated landscape evolution: Effects of 
vegetation on landscape processes, drainage density, and topography. Journal of 
Geophysical Research 110, F02012, doi: 10.1029/2004JF000249. 
Ives, D. W. (1973). Nature and distribution of loess in Canterbury, New Zealand. New Zealand 
Journal of Geology and Geophysics, 587-610. 
Jenson, S. K., and Domingue, J. O. (1988). Extracting topographic structure from digital elevation 
data for geographic information system analysis. Photogrammetric Engineering and 
Remote Sensing 54, 1593-1600. 
Johnson, D. L. (1990). Biomantle evolution and the redistribution of earth materials and artefacts. 
Soil Science 149, 84-102. 
Johnson, D. L. (2002). Darwin would be proud: bioturbation, dynamic denudation, and the power 
of theory. Geoarchaeology 17, 7-40. 
Johnson, D. L., Domier, J. E. J., and Johnson, D. N. (2005). Animating the biodynamics of soil 
thickness using process vector analysis: a dynamic denudation approach to soil formation. 
Geomorphology 67, 23-46. 
Johnson, D. L., Keller, E. A., and Rockwell, T. K. (1990). Dynamic pedogenesis: New views on 
some key concepts, and a model for interpreting quaternary soils. Quaternary Research 33, 
306-319. 
Johnson, D. L., Watson-Stegner, D., Johnson, D. N., and Schaetzl, R. J. (1987). Proisotropic and 
proanisotropic processes of pedoturbation. Soil Science 143, 278-292. 
Kaplan, J., Prentice, I. C., Knorr, W., and Valdes, P. J. (2002). Modeling the dynamics of terrestrial 
carbon storage since the Last Glacial Maximum. Geophysical Research Letters 29, 31-1 - 
31-4. 
Kirkby, M. (1995). Modelling the links between vegetation and landforms. Geomorphology 13, 
319-335. 
Kneupfer, P. L. K. (1984). "Tectonic geomorphology and present-day tectonics of the Alpine shear 
system, South Island, New Zealand." Unpublished PhD thesis, University of Arizona, 
USA. 
Knoll, A. H. (2003a). The geological consequences of evolution. Geobiology 1, 3-14. 
Knoll, A. H. (2003b). "Life on a Young Planet: The First Three Billion Years of Evolution on 
Earth." Princeton University Press. 
Kohfeld, K. E., and Harrison, S. P. (2003). Glacial-interglacial changes in dust deposition on the 
Chinese Loess Plateau. Quaternary Science Reviews 22, 1859-1878. 
Köhler, P., and Fischer, H. (2004). Simulating changes in the terrestrial biosphere during the last 
glacial/interglacial transition. Global and Planetary Change 43, 33-55. 
Kohn, B. P. (1979). Identification and significance of a late Pleistocene tephra in Canterbury 
district, South Island, New Zealand. Quaternary Research 11, 78-92. 
Kondo, R., Childs, C., and Atkinson, I. (1994). "Opal Phytoliths of New Zealand." Manaaki 
Whenua Press, Lincoln, New Zealand. 
Kuhlemann, J., Frisch, W., Székely, B., Dunkl, I., and Kázmér, M. (2002). Post-collisional 
sediment budget history of the Alps: tectonic versus climatic control. International Journal 
of Earth Science 91, 818-837. 
 199 
Langridge, R. M., Campbell, J., Hill, N., Pere, V., Pope, J. G., Pettinga, J. R., Estrada, B., and 
Berryman, K. (2003). Paleoseismology and slip rate of the Conway segment of the Hope 
Fault at Greenburn Stream, South Island, New Zealand. Annals of Geophysics 46, 1119-
1140. 
Leger, M. (1990). Loess landforms. Quaternary International 7-8, 53-61. 
Leigh, D. S. (1994). Roxanna silt of the Upper Mississippi Valley: lithology, source, and 
paleoenvironment. Geological Society of America Bulletin 106, 430-442. 
Leslie, D. M. (1973). Relict periglacial landforms at Clark's Junction, Otago. New Zealand Journal 
of Geology and Geophysics 16, 575-585. 
Liotta, P. H., and Shearer, A. W. (2007). "Gaia's Revenge: Climate Change and Humanity's Loss." 
Praeger. 
Litchfield, N. J. (2003). Maps, stratigraphic logs, and age control data for river terraces in the 
eastern North Island. Institute of Geological & Nuclear Sciences Science Report 2003/31. 
102pp, pp. 102. 
Litchfield, N. J., and Berryman, K. R. (2005). Correlation of fluvial terraces within the Hikurangi 
Margin, New Zealand: implications for climate and baselevel controls. Geomorphology 68, 
291-313. 
Litchfield, N. J., and Lian, O. B. (2004). Luminescence age estimates of Pleistocene marine terrace 
and alluvial fan sediments associated with tectonic activity along coastal Otago, New 
Zealand. New Zealand Journal of Geology and Geophysics 47, 29-37. 
Litchfield, N. J., and Rieser, U. (2005). Optically stimulated luminescence age constraints for 
fluvial aggradation terraces and loess in the eastern North Island, New Zealand. New 
Zealand Journal of Geology and Geophysics 48, 581-589. 
Lovelock, J. E. (1987). "Gaia: a new look at life on Earth." Oxford University Press. 
Lovelock, J. E. (1995). "The ages of Gaia: a biography of our living earth." Oxford University 
Press. 
Lovelock, J. E. (2006). " The revenge of Gaia: why the Earth is fighting back - and how we can 
still save humanity." Allen Lane, London. 
Lowe, D. J., and Hunt, J. B. (2001). A summary of terminology used in tephra-related studies. Les 
Dossiers de l’Archaéo-Logis 1, 17-22. 
Lowe, D. J., Shane, P. A. R., Alloway, B. V., and Newnham, R. M. (submitted). Fingerprints and 
age models for widespread New Zealand tephra marker beds since 30,000 years ago: a 
framework for NZ-INTIMATE. Quaternary Science Reviews. 
Lowell, T. V., Heusser, C. J., Anderson, B. G., Moreno, P. I., Hauser, A., Heusser, L. E., 
Schluechter, C., Marchant, D. R., and Denton, G. H. (1995). Interhemispheric correlation 
of Late Pleistocene glacial events. Science 269, 1541-1549. 
Lutz, H. J. (1960). Movement of rocks by uprooting of forest trees. American Journal of Science 
258, 752-756. 
Lutz, H. J., and Griswold, F. S. (1939). The influence of tree roots on soil morphology. American 
Journal of Science 237, 389-400. 
Lynas, M. (2007). "Six Degrees: our future on a hotter planet." Fourth Estate, London. 
MacDougal, D. (2004). "Frozen Earth - the once and future story of ice ages." University of 
California Press. 
Manville, V., and Wilson, C. J. N. (2004). The 26.5 ka Oruanui eruption, New Zealand: a review of 
the roles of volcanism and climate in the post-eruptive sedimentary response. New Zealand 
Journal of Geology and Geophysics 47, 525-547. 
Margulis, L. (1998). "Symbiotic Planet: A New Look at Evolution." Basic Books. 
Margulis, L., and Olendzenski, L. (1992). Environmental evolution : effects of the origin and 
evolution of life on planet earth, pp. 405. MIT Press, Cambridge, Mass. 
Marra, M., and Leschen, R. A. B. (2004). Late Quaternary paleoecology from fossil beetle 
communities in the Awatere Valley, South Island, New Zealand. Journal of Biogeography 
31, 1-16. 
Marra, M., Smith, E. C. G., Shulmeister, J., and Leschen, R. (2004). Late Quaternary climate 
change in the Awatere Valley, South Island, New Zealand using a sine model with a 
maximum likelihood envelope on fossil beetle data. Quaternary Science Reviews 23, 1637-
1650. 
Marra, M. J., Shulmeister, J., and Smith, E. C. G. (2006). Reconstructing temperature during the 
Last Glacial Maximum from Lyndon Stream, South Island, New Zealand using beetle 
fossils and maximum likelihood envelopes. Quaternary Science Reviews 25, 1841-1849. 
 200 
Marx, R., Lee, D. E., Lloyd, K. M., and Lee, W. G. (2004). Phytolith morphology and biogenic 
silica concentrations and abundance in leaves of Chionochloa (Danthoniae) and Festuca 
(Poeae) in New Zealand. New Zealand Journal of Botany 42, 677-691. 
Mason, J. A., and Knox, J. C. (1997). Age of colluvium indicates accelerated late Wisconsinian 
hillslope erosion in the Upper Mississippi Valley. Geology 25, 267-270. 
Mason, J. A., Nater, E. A., Zanner, C. W., and Bell, J. C. (1999). A new model of topographic 
effects on the distribution of loess. Geomorphology 28, 223-236. 
McCone, R. J. (1989). "Aspects of deformation and secondary structures associated with the Hope 
Fault, inland Kaikoura." Unpublished MSc thesis, University of Canterbury Library, 
Christchurch, New Zealand. 
McCraw, J. D. (1975). Quaternary airfall deposits of New Zealand. Royal Society of New Zealand 
Bulletin, 34-44. 
McDonald, E. V., and Busacca, A. J. (1988). Record of pre-late Wisconsin giant floods in the 
Channeled Scabland interpreted from loess deposits. Geology 16, 728-731. 
McDonald, E. V., and Busacca, A. J. (1992). Late Quaternary stratigraphy of loess in the 
Channeled Scabland and Palouse regions of Washington State. Quaternary Research 38, 
141-156. 
McGlone, M. S. (1985). Plant biogeography and the late Cenozoic history of New Zealand. New 
Zealand Journal of Botany 23, 723-749. 
McGlone, M. S. (1988). New Zealand. In "Vegetation History." (B. Huntley, and T. Webb III, 
Eds.), pp. 557-599. Kluwer Academic Publishers, The Hague. 
McGlone, M. S. (2001). A late Quaternary pollen record from marine core P69, southeastern North 
Island, New Zealand. New Zealand Journal of Geology and Geophysics 44, 69-77. 
McGlone, M. S., and Basher, L. R. (1995). The deforestation of the upper Awatere catchment, 
Inland Kaikoura Range, Marlborough, South Island, New Zealand. New Zealand Journal 
of Ecology 19, 53-66. 
McGlone, M. S., and Bathgate, J. L. (1983). Vegetation and climate history of the Longwood 
Range, South Island, New Zealand. New Zealand Journal of Botany 21, 293-315. 
McGlone, M. S., Howorth, R., and Pullar, W. A. (1984). Late Pleistocene stratigraphy, vegetation 
and climate of the Bay of Plenty and Gisborne regions, New Zealand. New Zealand 
Journal of Geology and Geophysics 27, 327-350. 
McGlone, M. S., Salinger, M. J., Moar, N. T., Kutzbach, J. E., Webb, T., Ruddiman, W. F., Street-
Perrott, F. A., and Bartlein, P. J. (1993). Paleovegetation studies of New Zealand's climate 
since the last glacial maximum. In "Global Climates Since the Last Glacial Maximum." pp. 
294-317. 
McGlone, M. S., and Topping, W. W. (1983). Late Quaternary vegetation, Tongariro region, 
central North Island, New Zealand. New Zealand Journal of Botany 21, 53-76. 
McGlone, M. S., Turney, C. S. M., and Wilmshurst, J. M. (2004). Late-glacial and Holocene 
vegetation and climatic history of the Cass Basin, central South Island, New Zealand. 
Quaternary Research 62, 267-279. 
McGlone, M. S., and Wilmhurst, J. M. (1999). A Holocene record of climate, vegetation change 
and peat bog development, east Otago, South Island, New Zealand. Journal of Quaternary 
Science 14, 239-254. 
McIntosh, P. D., Eden, D. N., and Burgham, S. J. (1990). Quaternary deposits and landscape 
evolution in northeast Southland, New Zealand. Palaeogeography, Palaeoclimatology, 
Palaeoecology 81, 95-113. 
McIntyre, D. J., and McKellar, I. C. (1970). A radiocarbon dated post glacial pollen profile from 
Swampy Hill, Dunedin, New Zealand. New Zealand Journal of Geology and Geophysics 
13, 346-349. 
McMenamin, M. A. S., and McMenamin, D. L. (1996). "Hypersea: Life on Land." Columbia 
University Press. 
Mériaux, A.-S., Tapponnier, P., Ryerson, F. J., Xiwei, X., King, G., Van der Woerd, J., Finkel, R. 
C., Haibing, L., Caffee, M. W., Zhiqin, X., and Wenbin, C. (2005). The Aksay segment of 
the northern Altyn Tagh fault: Tectonic geomorphology, landscape evolution, and 
Holocene slip rate. Journal of Geophysical Research 110, B04404, 
doi:10.1029/2004JB003210. 
Mew, G., Hunt, J. L., Froggat, P. C., Eden, D. N., and Jackson, R. J. (1986). An occurrence of 
Kawakawa Tephra from the Grey River valley, South Island, New Zealand. New Zealand 
Journal of Geology and Geophysics 29, 315-322. 
 201 
Meybeck, M., Green, P., and Vörösmarty, C. (2001). A new typology for mountains and other 
relief classes: an application to global water resources and population distribution. 
Mountain Research and Development 21, 34-45. 
Milankovitch, M. (1941). "Canon of Insolation and the Ice-Age Problem." Royal Serbian Academy 
Special Publication No. 132 (Translated from the German by the Israel Program for 
Scientific Translations, Jerusalem, 1969). 
Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-being: Synthesis. Island 
Press, Washington, D.C. 
Mills, H. H. (1984). Effect of hillslope angle and substrate on tree tilt, and denudation of hill-slopes 
by tree fall. Physical Geography 5, 253-261. 
Milne, J. D. G. (1973a). Maps and sections of river terraces in Rangitikei Basin, North Island, New 
Zealand. 4 sheets. NZ Soil Survey Report 4. 
Milne, J. D. G. (1973b). "Upper Quaternary geology of the Rangitikei Drainage basin, North 
Island, New Zealand." PhD Thesis, Massey University, Palmerston North, New Zealand. 
Milne, J. D. G., Clayden, B., Singleton, P. L., and Wilson, A. D. (1995). "Soil Description 
Handbook." Manaaki Whenua Press, Lincoln, Canterbury, New Zealand. 
Mix, A. C., Bard, E. D., and Schneider, R. (2001). Environmental processes of the ice age: land, 
oceans, glaciers (EPILOG). Quaternary Science Reviews 20, 627-657. 
Moar, N., and Suggate, R. P. (1996). Vegetation history from the Kaihinu (Last) Interglacial to the 
present, West Coast, South Island, New Zealand. Quaternary Science Reviews 15, 521-
547. 
Moar, N. T. (1971). Contributions to the Quaternary history of the New Zealand flora - 6. Aranuian 
pollen diagrams from Canterbury, Nelson, and North Westland, South Island. New Zealand 
Journal of Botany 9, 80-145. 
Moar, N. T. (1973). Contributions to the Quaternary history of the New Zealand flora - 7. Two 
Aranuian pollen diagrams from central South Island. New Zealand Journal of Botany 11, 
291-304. 
Moar, N. T. (1980). Late Otiran and early Aranuian grassland in central South Island. New Zealand 
Journal of Ecology 3, 4-12. 
Moar, N. T., and Suggate, R. P. (1979). Contributions to the Quaternary history of the New 
Zealand flora - 8. Interglacial and glacial vegetation in the Westport District, South Island. 
New Zealand Journal of Botany 17, 361-387. 
Molnar, P. (2004). Late Cenozoic increase in accumulation rates of terrestrial sediment: How might 
climate change have affected erosion rates? Annual Review of Earth and Planetary 
Sciences 32, 67-89. 
Molnar, P., Brown, E. T., Burchfiel, B. C., Deng, Q., Feng, X., Li, J., Raisbeck, G. M., Shi, J., Wu, 
Z., Yiou, F., and You, H. (1994). Quaternary climate change and the formation of river 
terraces across the growing anticlines on the north flank of the Tien Shan, China. The 
Journal of Geology 102, 583-602. 
Monnin, E., Indermühle, A., Dällenbach, A., Flückiger, J., Stauffer, B., Stocker, T. F., Raynaud, 
D., and Barnola, J.-M. (2001). Atmospheric CO2 concentrations over the Last Glacial 
Termination Science 291, 112 - 114. 
Moore, I. D., Grayson, R. B., and Landson, A. R. (1991). Digital terrain modelling: a review of 
hydrological, geomorphological, and biological applications. Hydrological Processes 5, 3-
30. 
Muhs, D. R., Ager, T. A., Bettis III, E. A., McGeehin, J., Been, J. M., Begét, J. E., Pavich, M. J., 
Stafford Jr, T. W., and Stevens, D. A. S. P. (2003). Stratigraphy and paleoclimatic 
significance of Late Quaternary loess-paleosol sequences of the last Interglacial-Glacial 
cycle in central Alaska. Quaternary Science Reviews 22, 1947-1986. 
Mulder, C. P. H., and Keall, S. N. (2001). Burrowing seabirds and reptiles: impacts on seeds, 
seedlings and soils in an island forest in New Zealand. Oecologia 127, 350-360. 
Murphy, J., and Riley, J. P. (1962). A modified single solution method for the determination of 
phosphate in natural waters. Analytica Chimica Acta 27, 31-36. 
Nash, D. B. (1980). Forms of bluffs degraded for different lengths of time in Emmet County, 
Michigan, USA. Earth Surface Processes and Landforms 5, 331-345. 
Naylor, L. A. (2005). The contributions of biogeomorphology to the emerging field of geobiology. 
Palaeogeography, Palaeoclimatology, Palaeoecology 219, 35-51. 
Naylor, L. A., Viles, H. A., and Carter, N. E. A. (2002). Biogeomorphology revisited: looking 
towards the future. Geomorphology 47, 3-14. 
 202 
Neall, V. E., Stewart, R. B., Wallace, R. C., Williams, M. C., and Mew, G. (2001). Mineralogy, 
stratigraphy, and provenance of soil coverbeds in the Kumara district, Westland. New 
Zealand Journal of Geology and Geophysics 44, 205-218. 
Nelson, C. S., Hendy, C. H., and Cuthbertson, A. M. (1994). Oxygen-isotope evidence for climate 
contrasts between Tasman Sea and southwest Pacific Ocean during the late Quaternary. In 
"Evolution of the Tasman Sea Basin." (G. J. van der Lingen, K. M. Swanson, and R. J. 
Muir, Eds.), pp. 181-196. A.A. Balkema, Rotterdam, Netherlands. 
Newnham, R. M., and Alloway, B. V. (2007). Towards a climate event stratigraphy for New 
Zealand over the past 30,000 years (the NZ-INTIMATE project). In "XVII INQUA 
Congress. The Tropics: Heat Engine of the Quaternary." (N. R. Catto, T. van Kolfschoten, 
and N. Rutter, Eds.), pp. 304. Quaternary International, 167-168, Cairns, Australia. 
Newnham, R. M., Eden, D. N., Lowe, D. J., and Hendy, C. H. (2003). Rerewhakaaitu Tephra, a 
land-sea marker for the Last Termination in New Zealand, with implications for global 
climate change. Quaternary Science Reviews 22, 289-308. 
Newnham, R. M., Lowe, D. C., and Williams, P. W. (1999). Quaternary environmental change in 
New Zealand: a review. Progress in Physical Geography 23, 567-610. 
Newnham, R. M., Lowe, D. J., Giles, T., and Alloway, B. V. (2007a). Vegetation and climate of 
Auckland, New Zealand, since ca. 32 000 cal. yr ago: support for an extended LGM. 
Journal of Quaternary Science 22, 517-534. 
Newnham, R. M., Lowe, D. J., and Green, J. D. (1989). Palynology, vegetation and climate of the 
Waikato lowlands, North island, New Zealand, since c. 18,000 years ago. Journal of the 
Royal Society of New Zealand 19, 127-150. 
Newnham, R. M., Lowe, D. J., Green, J. D., Turner, G. M., Harper, M. A., McGlone, M. S., Stout, 
S. L., Horie, S., and Froggat, P. C. (2004). A discontinuous ca. 80 ka record of Late 
Quaternary environmental change from Lake Omapere, Northland, New Zealand. 
Palaeogeography, Palaeoclimatology, Palaeoecology 207, 165-198. 
Newnham, R. M., Vandergoes, M. J., Garnett, M., Lowe, D. J., Prior, C., and Almond, P. C. 
(2006). Test of AMS 14C dating of pollen concentrates using tephrochronology. Journal of 
Quaternary Science 22, 37-51. 
Newnham, R. M., Vandergoes, M. J., Hendy, C. H., Lowe, D. J., and Preusser, F. (2007b). A 
terrestrial palynological record for the last two glacial cycles from southwestern New 
Zealand. Quaternary Science Reviews 26, 517-535. 
NGRIP members (2004a). High-resolution record of Northern Hemisphere climate extending into 
the last interglacial period. Nature 431, 147-151. 
NGRIP members (2004b). North Greenland Ice Core Project Oxygen Isotope Data. IGBP 
PAGES/World Data Center for Paleoclimatology Data. Contribution Series #2004-059. 
NOAA/NGDC Paleoclimatology Program, Boulder CO, USA. 
Norman, S. A., Schaetzl, R. J., and Small, T. W. (1995). Effects of slope angle on mass movement 
by tree uprooting. Geomorphology 14, 19-27. 
Norton, D. A. (1989). Tree windthrow and forest soil turnover. Canadian Journal of Forest 
Research 19, 386–389. 
O'Loughlin, C. L., and Pearce, A. J. (1982). Erosion processes in the mountains. In "Landforms of 
New Zealand." (J. M. Soons, and M. J. Selby, Eds.), pp. 67-79. Longman Paul, Auckland. 
Olson, C. G., and Ruhe, R. V. (1979). Loess dispersion model, southwest Indiana, USA. Acta Geol. 
Acad. Scientarum Hungaricum 23, 205-227. 
Ota, Y., Pillans, B. J., Berryman, K., Beu, A., Fujimori, T., Miyauchi, T., and Berger, G. W. 
(1996). Pleistocene coastal terraces of Kaikoura Peninsula and the Marlborough coast, 
South Island, New Zealand. New Zealand Journal of Geology and Geophysics 39, 51-73. 
Otto, D., Rasse, D., Kaplan, J., Warnant, P., and Francois, L. (2002). Biospheric carbon stocks 
reconstructed at the Last Glacial Maximum: comparison between general circulation 
models using prescribed and computed sea surface temperatures. Global and Planetary 
Change 33, 117-138. 
Pahnke, K., and Zahn, R. (2005). Southern Hemisphere water mass conversion linked with North 
Atlantic climate variability. Science 307, 1741-1746. 
Pahnke, K., Zahn, R., Elderfiled, H., and Schulze, M. (2003). 340,000-year centennial-scale marine 
record of Southern Hemisphere climatic oscillation. Science 301, 948-952. 
Palmer, A. S., and Pillans, B. J. (1996). Record of climatic fluctuations from ca. 500 ka loess 
deposits and paleosols near Wanganui, New Zealand. Quaternary International 34-36, 
155-162. 
 203 
Palmer, A. S., Vucetich, C. G., McGlone, M. S., and Harper, M. (1989). Last Glacial loess and 
early Last Glacial vegetation history of Wairarapa Valley, New Zealand. New Zealand 
Journal of Geology and Geophysics 32, 499-513. 
Paton, T. R., Humphreys, G. S., and Mitchell, P. B. (1995). "Soils: a new global view." UCL Press, 
London. 
Pearce, F. (2006). "The last generation : how nature will take her revenge for climate change." 
Eden Project Books, London. 
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., Bender, M., 
Chappellaz, J., Davis, J., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., 
Lipenkov, V., C., L., Pépin, L., Ritz, C., Saltzman, E., and Stievenard, M. (1999). Climate 
and Atmospheric History of the Past 420,000 years from the Vostok Ice Core, Antarctica. 
Nature 399, 429-436. 
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., Bender, M., 
Chappellaz, J., Davis, J., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., 
Lipenkov, V., C., L., Pépin, L., Ritz, C., Saltzman, E., and Stievenard, M. (2001). Vostok 
Ice Core Data for 420,000 Years. IGBP PAGES/World Data Center for Paleoclimatology 
Data Contribution Series #2001-076. NOAA/NGDC Paleoclimatology Program, Boulder 
CO, USA. . 
Petit, J. R., Mounier, L., Jouzel, J., Korotkevitch, Y., Kotlyakov, V., and Lorius, C. (1990). 
Paleoclimatological implications of the Vostok core dust record. Nature 343, 56-58. 
Phillips, J. D. (1995). Biogeomorphology and landscape evolution: The problem of scale. 
Geomorphology 13, 337-347. 
Pillans, B. J. (1994). Direct marine-terrestrial correlations, Wanganui Basin, New Zealand: the last 
1 million years. Quaternary Science Reviews 13, 189-200. 
Pillans, B. J., McGlone, M. S., Palmer, A. S., Mildenhall, D., Alloway, B., and Berger, G. W. 
(1993). The Last Glacial Maximum in central and southern North Island, New Zealand: a 
paleoenvironmental reconstruction using the Kawakawa Tephra Formation as a 
chronostratigraphic marker. Palaeogeography, Palaeoclimatology, Palaeoecology 101, 
283-304. 
Pinter, N., Keller, E. A., and West, R. B. (1994). Relative dating of terraces of the Owens River, 
Northern Owens Valley, California, and correlation with moraines of the Sierra Nevada. 
Quaternary Research 42, 266-276. 
Piperno, D. R. (1988). "Phytolith Analysis - An archaeological and geological Perspective." 
Academic Press. 
Pisias, N. G., and Moore, T. C. (1981). The evolution of Pleistocene climate: a time series 
approach. Earth and Planetary Science Letters 52, 450-458. 
Pope, J. G. (1994). "Secondary structures, Holocene displacements and paleoseismicity of the 
Conway segment of the Hope Fault, Greenburn Stream to Sawyers Creek." Unpublished 
BSc (Hons) project, Geological Sciences Library, University of Canterbury, Christchurch, 
New Zealand. 
Prebble, M., Schallenberg, M., Carter, J., and Shulmeister, J. (2002). An analysis of phytolith 
assemblages for the quantitative reconstruction of late Quaternary environments of the 
Lower Taieri Plain, Otago, South Island, New Zealand 1. Modern assemblages and transfer 
functions. Journal of Paleolimnology 27, 393-413. 
Prebble, M., and Shulmeister, J. (2002). An analysis of phytolith assemblages for the quantitative 
reconstruction of late Quaternary environments of the Lower Taieri Plain, Otago, South 
Island, New Zealand 2. Paleoenvironmental reconstruction. Journal of Paleolimnology 27, 
415-427. 
Prentice, I. C., Sykes, M. T., Lautenschlager, M., Harrison, S. P., Dennissenko, O., and Bartlein, P. 
J. (1993). Modelling global vegetation patterns and terrestrial carbon storage at the last 
glacial maximum. Global Ecology and Biogeography Letters 3, 67-76. 
Prescott, J. R., and Hutton, J. T. (1994). Cosmic ray contributions to dose rates foe luminescence 
and ESR dating: large depths and long-term time variations. Radiation Measurements 23, 
497-500. 
Preusser, F., Anderson, B. G., Denton, G. H., and Schlüchter, C. (2005). Luminescence chronology 
of Late Pleistocene glacial deposits in North Westland, New Zealand. Quaternary Science 
Reviews 24, 2207-2227. 
Putman, B. R., Jansen, I. J., and Follmer, L. R. (1988). Loessial soils: their relationship to width of 
source valley in Illinois. Soil Science 146, 241-247. 
 204 
Putz, F. E. (1983). Treefall pits and mounds, buried seeds, and the importance of soil disturbance to 
pioneer trees on Barro Colorado Island, Panama. Ecology 64, 1069-1074. 
Pye, K. (1996). The nature, origin and accumulation of loess. Quaternary Science Reviews 14, 653-
667. 
Raeside, J. D. (1964). Loess deposits of the South Island, New Zealand, and soils formed on them. 
New Zealand Journal of Geology and Geophysics 7, 811-838. 
Raeside, J. D. (1970). Some New Zealand plant opals. New Zealand Journal of Science 13, 122-
132. 
Rattenbury, M. S., Townshend, D. B., and Johnston, M. R. (2006). Geology of the Kaikoura Area. 
Institute of Geological & Nuclear Sciences 1:250 000 geological map 13 1 sheet + 70 p. 
Lower Hutt, New Zealand. Institute of Geological & Nuclear Sciences Ltd., pp. 70. 
Rebertus, R. A., Doolittle, J. A., and Hall, R. L. (1989). Landform and stratigraphic influences on 
variability of loess thickness in Northern Delaware. Soil Science Society of America 
Journal 53, 843-847. 
Reid, L. M. (1981). Sediment production from gravel-surfaced forest roads, Clearwater Basin, 
Washington, pp. 247. University of Washington Fisheries Research Institute Publication 
FRI-UW-8108. 
Reimer, P. J., Baillie, M. G. L., Bard, E., Bayliss, A., Beck, J. W., Bertrand, C. J. H., Blackwell, P. 
G., Buck, C. E., Burr, G. S., Cutler, K. B., Damon, P. E., Edwards, R. L., Fairbanks, R. G., 
Friedrich, M., Guilderson, T. P., Hogg, A. G., Hughen, K. A., Kromer, B., McCormac, F. 
G., Manning, S., Bronk Ramsey, C., Reimer, R. W., Remmele, S., Southon, J. R., Stuiver, 
M., Talamo, S., Taylor, F. W., van der Plicht, J., and Weyhenmeyer, C. E. (2004). IntCal04 
terrestrial radiocarbon age calibration, 0-26 cal. kyr BP. Radiocarbon 46, 1029-1058. 
Robertson, K. M., and Johnson, D. L. (2004). Vertical distribution of pebbles by crayfish in 
mollisol catenas of central Illinois. Soil Science 196, 776-786. 
Robertson, S. M., and Mew, G. (1982). The presence of volcanic glass in soils on the West Coast, 
South Island, New Zealand. New Zealand Journal of Geology and Geophysics 25, 503-507. 
Roering, J. J., Almond, P., McKean, J., and Tonkin, P. (2002). Soil transport driven by biological 
processes over millennial timescales. Geology 30, 1115-1118. 
Roering, J. J., Almond, P., Tonkin, P., and McKean, J. (2004). Constraining climatic controls on 
hillslope dynamics using a coupled model for the transport of soil and tracers: Application 
to loess-mantled hillslopes, South Island, New Zealand. Journal of Geophysical Research 
109, F101010, doi: 10.1029/2003JF000034. 
Roering, J. J., Kirchner, J. W., and Dietrich, W. E. (1999). Evidence for nonlinear, diffusive 
sediment transport on hillslopes and implications for landscape morphology. Water 
Resources Research 35, 853-870. 
Roering, J. J., Kirchner, J. W., and Dietrich, W. E. (2001). Hillslope evolution by nonlinear, slope-
dependent transport: Steady-state morphology and equilibrium adjustment timescales. 
Journal of Geophysical Research 106, 16,499-16,513. 
Rose, W. I., and Chesner, C. A. (1987). Dispersal of ash in the great Toba eruption, 75 ka. Geology 
15, 913-917. 
Rosing, M. T., Bird, D. K., Sleep, N. H., Glassley, W., and Albarede, F. (2006). The rise of 
continents - An essay on the geologic consequences of photosynthesis. Palaeogeography, 
Palaeoclimatology, Palaeoecology 232, 99-113. 
Rother, H., and Shulmeister, J. (2006). Synoptic climate change as a driver of late Quaternary 
glaciations in the mid-latitudes of the Southern Hemisphere. Climate of the Past 2, 11-19. 
Rovner, I. (1971). Potential of opal phytoliths for use in paleoecological reconstruction. 
Quaternary Research 1, 343-359. 
Royer, D. L., Berner, R. A., and Park, J. (2007). Climate sensitivity constrained by CO2 
concentrations over the past 420 years. Nature 446, 530-532. 
Ruddiman, W. F. (2003). The anthropogenic greenhouse era began thousands of years ago. 
Climatic Change 61, 261-293. 
Ruddiman, W. F. (2005). "Plows, plagues, and petroleum: how humans took control of climate." 
Princeton University Press. 
Ruhe, R. V. (1969). "Quaternary Landscapes in Iowa." Iowa State University Press, Ames, Iowa, 
U.S.A. 
Ruhe, R.V. and Olson, C.G., 1980. Soil welding. Soil Science 130,  132-139. 
 205 
Runge, E. C. A., Goh, K. M., and Rafter, T. A. (1973). Radiocarbon chronology and problems in its 
interpretation for quaternary loess deposits - South Canterbury, New Zealand. Soil Science 
Society of America Proceedings 37, 742-746. 
Runge, E. C. A., Walker, T. W., and Howarth, D. T. (1974). A study of Late Pleistocene loess 
deposits, South Canterbury, New Zealand. Part 1. Forms and amounts of phosphorus 
compared with other techniques for identifying paleosols. Quaternary Research 4, 76-84. 
Salminen, S., Owen, J. V., Greenough, J. D., Soons, J. M., Shulmeister, J., and Holt, S. (1997). The 
Holocene evolution of a well nourished gravelly barrier and lagoon complex, Kaitorete 
''Spit'', Canterbury, New Zealand Marine Geology 138, 69-90. 
Sase, T., Hosono, M., Utsgawa, T., and Aoki, K. (1987). Opal phytolith analysis of present and 
buried volcanic ash soils in te Ngae Road tephra section, Rotorua Basin, North Island, New 
Zealand. The Quaternary Research 27, 153-163 (in Japanese with English summary, 
figures and tables). 
Schaetzl, R. J. (1986). Complete soil profile inversion by tree uprooting. Physical Geography 7, 
181-189. 
Schaetzl, R. J., Burns, S. F., Small, T. W., and Johnson, D. L. (1990). Tree uprooting: Review of 
types and patterns of soil disturbance. Physical Geography 11, 277-291. 
Schaetzl, R. J., and Follmer, L. R. (1990). Longevity of treethrow microtopography. 
Geomorphology 3, 113-123. 
Schaller, M., von Blanckenberg, F., Hovius, N., Veldkamp, A., van den Berg, M. W., and Kubik, P. 
W. (2004). Paleoerosion rates from cosmogenic 10Be in a 1.3 Ma terrace sequence: 
response of the River Meuse to changes in climate and rock uplift. The Journal of Geology 
112, 127-144. 
Schmidt, J., Almond, P. C., Basher, L., Carrick, S., Hewitt, A. E., Lynn, I. H., and Webb, T. H. 
(2005). Modelling loess landscapes for the South Island, New Zealand, based on expert 
knowledge. New Zealand Journal of Geology and Geophysics 48, 117-133. 
Selby, M. J. (1976). Loess. New Zealand Journal of Geography 61, 1-18. 
Shackleton, N. J., and Hall, M. A. (1997). The late Miocene stable isotope record, Site 926. 
Proceedings of ODP Scientific Research 154, 367-373. 
Shane, P. (2000). Tephrochronology: a New Zealand case study. Earth-Science Reviews 49, 223-
259. 
Shane, P., and Hoverd, J. (2002). Distal record of multi-sourced tephra in Onepoto Basin, 
Auckland: implications for volcanic chronology, frequency and hazards. Bulletin of 
Volcanology 64, 441-454. 
Shane, P., Nairn, I. A., Martin, S. B., and Smith, V. C. (in press). Compositional heterogeneity in 
tephra deposits resulting from the eruption of multiple magma bodies: Implications for 
tephrochronology. Quaternary International. 
Shane, P. A. R., Smith, V., Lowe, D. J., and Nairn, I. A. (2003). Re-identification of c. 15,700 cal. 
yr BP tephra bed at Kaipo Bog, eastern North Island: implications for dispersal of Rotorua 
and Puketarata tephra beds. New Zealand Journal of Geology and Geophysics 46, 591-596. 
Shulmeister, J., Fink, D. and Augustinus, P.C. (2005). A cosmogenic nuclide chronology of the last 
glacial transition in North-West Nelson, new Zealand – new insights in Southern 
Hemisphere climate forcing during the last deglaciation. Earth and Planetary Science 
Letters 233, 455-466. 
Shulmeister, J., Goodwin, I., Renwick, J., Harle, K., Armand, L., McGlone, M.S., Cook, E., 
Dodson, J., Hesse, P.P, Mayewski, P. and Curran, M. (2004). The Southern Hemisphere 
westerlies in the Australasian sector over the last glacial cycle: a synthesis. Quaternary 
International 118-119, 23-53. 
Shulmeister, J., Shane, P., Lian, O. B., Okuda, M., Carter, J. A., Harper, M., Dickinson, W., 
Augustinus, P. C., and Heijnis, H. (2001). A long-late Quaternary record from Lake 
Poukawa, Hawke's Bay, New Zealand. Palaeogeography, Palaeoclimatology, 
Palaeoecology 176, 81-107. 
Shulmeister, J., Soons, J. M., Berger, G. W., Harper, M., Holt, S., Moar, N., and Carter, J. (1999). 
Environmental and sea-level changes on Banks Peninsula (Canterbury, New Zealand) 
through three glaciation-interglaciation cycles. Palaeogeography, Palaeoclimatology, 
Palaeoecology 152, 101-127. 
Simpson, T. L., and Volcani, B. (1981). Silicon and Siliceous Structures in Biological Systems. 
Springer-Verlag, New York. 
 206 
Small, T. W., Schaetzl, R. J., and Brixie, J. M. (1990). Redistribution and mixing of soil gravels by 
tree uprooting. Professional Geographer 42, 445-457. 
Smeck, N. E. (1973). Phosphorus: An indicator of pedogenetic weathering processes. Soil Science 
115, 199-206. 
Smeck, N. E. (1985). Phosphorus dynamics in soils and landscapes. Geoderma 36, 185-199. 
Smeck, N. E., and Runge, E. C. A. (1971). Phosphorus availability and redistribution in relation to 
profile development in an Illinois landscape segment. Soil Science Society of America 
Proceedings 35, 952-959. 
Smith, B. F. L., and Bain, D. C. (1982). A sodium hydroxide fusion method for the determination 
of total phosphate in soils. Communications in Soil Science and Plant Analysis 13, 185-
190. 
Smith, G. D. (1942). Illinois loess-variations in its properties and distribution. Illinois Agricultural 
Experimental Station Bulletin 490, 139-184. 
Soons, J. M., and Burrows, C. J. (1978). Dates for Otiran deposits, including plant microfossils and 
macrofossils, from Rakaia Valley. New Zealand Journal of Geology and Geophysics 21, 
607-615. 
Soons, J. M., Moar, N., Shulmeister, J., Wilson, H. D., and Carter, J. A. (2002). Quaternary 
vegetation and climate changes on Banks Peninsula, South Island, New Zealand. Global 
and Planetary Change 33, 301-314. 
Spotila, J. A., Buscher, J. T., Meigs, A. J., and Reiners, P. W. (2004). Long-term glacial erosion of 
active mountain belts: Example of the Chugach-St. Elias Range, Alaska. Geology 32, 501-
504. 
Staff, S. B. (1968). General survey of the soils of South Island, New Zealand. New Zealand 
Department of Scientific and Industrial Research. 
Stallins, J. A. (2006). Geomorphology and ecology: Unifying themes for complex systems in 
biogeomorphology. Geomorphology 77, 207-216. 
Stokes, S. (1999). Luminescence dating applications in geomorphological research. 
Geomorphology 29, 153-171. 
Stokes, S., and Lowe, D. J. (1988). Discriminant function analysis of late Quaternary tephras from 
five volcanoes in New Zealand using glass shard major element chemistry. Quaternary 
Research 30, 270-283. 
Stokes, S., Lowe, D. J., and Froggat, P. C. (1992). Discriminant function analysis and correlation of 
late Quaternary rhyolitic tephra deposits from Taupo and Okataina volcanoes, New 
Zealand, using glass shard major element chemistry. Quaternary International 13/14, 103-
117. 
Sturman, A., and Wanner, H. (2001). A comparative review of the weather and climate of the 
Southern Alps of New Zealand and the European Alps. Mountain Research and 
Development 21, 359-369. 
Suggate, R. P. (1990) Late Pliocene and Quaternary glaciations of New Zealand. Quaternary 
Science Reviews 9, 175-197. 
Suggate, R. P., and Almond, P. C. (2005). The Last Glacial Maximum (LGM) in western South 
Island New Zealand: implications for the global LGM and MIS 2. Quaternary Science 
Reviews 24, 1923-1940. 
Sullivan, C. W., and Volcani, B. (1981). Silicon in the cellular metabolism of diatoms. In "Silicon 
and Siliceous Structures in Biological Systems." (T. L. Simpson, and B. Volcani, Eds.), pp. 
15-42. Springer-Verlag, New York. 
Sweeney, M. R., Gaylord, D. R., and Busacca, A. J. (2007). Evolution of Eureka Flat: A dust-
producing engine of the Palouse loess, USA Quaternary International 162-163, 76-96  
Syers, J. K., Williams, J. D. H., Walker, T. W., and Chapman, S. L. (1970). Mineralogy and forms 
of inorganic phosphorus in a graywacke soil-rock weathering sequence. Soil Science 110, 
100-106. 
Tarboton, D. G., Bras, R. L., and Rodriguez-Iturbe, I. (1991). On the extraction of channel 
networks from digital elevation data. Hydrological Processes 5, 81-100. 
Tiedemann, R., and Franz, S. O. (1997). Deep-water circulation, chemistry, and terrigenous 
sediment supply in the equatorial Atlantic during the Pliocene, 3.3-2.6 Ma and 5-4.5 Ma 
Proceedings of ODP Scientific Research 154, 299-318. 
Tonkin, P., Van Dissen, R. J., and Hughes, M. W. (2005). Soil stratigraphy of loessial sequences on 
coastal marine and river terraces, northeastern South Island, proxy records of tectonic and 
 207 
environmental change. In "Geological Society of New Zealand Anniversary Conference. 
Kaikoura, New Zealand. 28 November - 1 December 2005." Kaikoura, New Zealand. 
Tonkin, P. J., and Almond, P. C. (1998). Using the soil stratigraphy of loess to reconstruct 
landscape histories of north-eastern and western lowlands of South Island, New Zealand. In 
"8th Biennial Conference of the Australian and New Zealand Geomorphology Group ", pp. 
55, Goolwa, South Australia. 
Tonkin, P. J., Almond, P. C., Barrell, D., and Shulmeister, J. (2004). OIS2/OIS1 transition and 
OIS2 loess in South Island. In "2004 NZ-INTIMATE Meeting, GNS-Rafter Laboratory, 
Wellington August 2004. Institute of Geological and Nuclear Sciences science report 
2004/22. p 36." 
Tonkin, P. J., and Basher, L. R. (1990). Soil stratigraphic techniques in the study of soil and 
landform evolution across the Southern Alps, New Zealand. Geomorphology 3, 547-575. 
Tonkin, P. J., Runge, E. C. A., and Ives, D. W. (1974). A study of late Pleistocene loess deposits, 
South Canterbury, New Zealand. Part 2. Paleosols and their stratigraphic significance. 
Quaternary Research 4, 217-231. 
Trainer, F. W. (1961). Eolian deposits of the Matanuska Valley agricultural area, Alaska. United 
States Geological Survey Bulletin 1121C, C1-C35. 
Tsoar, H., and Pye, K. (1987). Dust transport and the question of desert loess formation. 
Sedimentology 34, 139-153. 
Tungshen, L., Zhengtang, G., Naiqin, W., and Houyuan, L. (1996). Prehistoric vegetation on the 
Loess Plateau: steppe or forest? Journal of Southeast Asian Earth Sciences 13, 341-346. 
Turney, C. S. M., Lowe, J. J., Davies, S. M., Hall, V., Lowe, D. J., Wastegård, S., Hoek, W. Z., 
Alloway, B., SCOTAV, and MEMBERS, I. (2004). Tephrochronology of Last Termination 
Sequences in Europe: a protocol for improved analytical precision and robust correlation 
procedures (a joint SCOTAV-INTIMATE proposal). Journal of Quaternary Science 19, 
111-120. 
Turney, C. S. M., Van Den Burg, K., Wastegård, S., Davies, S. M., Whitehouse, N. J., Pilcher, J. 
R., and Callaghan, C. (2006). North European last glacial-interglacial transition (LGIT; 15-
9 ka) tephrochronology: extending limits and new events. Journal of Quaternary Science 
21, 335-345. 
Underwood, J. (2006). "Soil phytolith assemblages beneath a Nothofagus treeline ecotone as a 
basis for treeline reconstruction." Unpublished Honours Dissertation thesis, Lincoln 
University, Canterbury, New Zealand. 
Van Dam, H., Mertens, A., and Sinkeldam, J. (1994). A coded checklist and ecological indicator 
values of freshwater diatoms from the Netherlands. Netherlands Journal of Aquatic 
Ecology 28, 117-133. 
Van Dissen, R. J. (1989). "Late Quaternary faulting in the Kaikoura region, southeastern 
Marlborough, New Zealand." Unpublished MS thesis, Oregon State University, USA. 
Vandergoes, M. J., Newnham, R. M., Preusser, F., Hendy, C. H., Lowell, T. V., Fitzsimons, S. J., 
Hogg, A. G., Kasper, H. U., and Schlüchter, C. (2005). Regional insolation forcing of late 
Quaternary climate change in the Southern Hemisphere. Nature 436, 242-245. 
Vidic, N. J., and Lobnik, F. (1997). Rates of soil development of the chronosequence in the 
Ljubljana Basin, Slovenia. Geoderma 76, 35-64. 
von Haast, J. (1879). Notes on an ancient manufactory of stone implements at the mouth of the 
Otokai Creek, Brighton, Otago. Transactions of the Proceedings of the New Zealand 
Institute 12, 150-153. 
Vreeken, W. J. (1975). Variability of depth to carbonate in finger-tip loess watersheds in Iowa. 
Catena 2, 321-336. 
Walker, T. W., and Syers, J. K. (1976). The fate of phosphorus during pedogenesis. Geoderma 15, 
1-19. 
Wallinga, J., Murray, A. S., Duller, G. A. T., and Tornqvist, T. E. (2001). Testing optically 
stimulated luminescence dating of sand-sized quartz and feldspar from fluvial deposits. 
Earth and Planetary Science Letters 193, 617-630. 
Walther, S. C. (2006). "Quantifying biogenic sediment transport on a forested, loess-mantled 
hillslope in the Blue Mountains, eastern Washington." Unpublished Masters thesis, 
University of Oregon, U.S.A. 
Ward, P. D. (2006). "Out of Thin Air: Dinosaurs, Birds, and Earth's Ancient Atmosphere." Joseph 
Henry Press, Washington, D.C. 
 208 
Wardle, J. (1971a). The forests and shrublands of the Seaward Kaikoura Range. New Zealand 
Journal of Botany 9, 269-292. 
Wardle, P. (1971b). An explanation for alpine timberline. New Zealand Journal of Botany 
9, 371-402. 
Wardle, P. (1985a). Environmental influences on the vegetation of New Zealand. New 
Zealand Journal of Botany 23, 773-788. 
Wardle, P. (1985b). New Zealand timberlines. 1. Growth and survival of native and 
introduced tree species in the Craigieburn Range, Canterbury. New Zealand 
Journal of Botany 23, 219-234. 
Wardle, P. (1985c). New Zealand timberlines. 2. A study of forest limits in the Crow 
Valley, near Arthur's Pass, Canterbury. New Zealand Journal of Botany 23, 235-
261. 
Wardle, P. (1985d). New Zealand timberlines. 3. A synthesis. New Zealand Journal of 
Botany 23, 263-271. 
Wardle, P. (1991). "Vegetation of New Zealand." Cambridge University Press. 
Watt, J. P. C. (1977). Field observations of the moisture regime of a yellow-grey earth (Otokia silt 
loam) in eastern Otago. New Zealand Journal of Hydrology 16, 53-72. 
Weatherhead, A. V. (1988). "The occurrence of Plant Opal in New Zealand soils." Department of 
Scientific and Industrial Research. 
Webb, T. H., Campbell, A. S., and Fox, F. B. (1986). Effect of rainfall on pedogenesis in a 
climosequence of soils near Lake Pukaki, New Zealand. New Zealand Journal of Geology 
and Geophysics 29, 323-334. 
Westgate, J. A., Preece, S. J., Froese, D. G., Walter, R. C., and Sandhu, A. S. (2001). Dating early 
and Middle (Reid) Pleistocene glaciations in central Yukon by tephrochronology. 
Quaternary Research 56, 335-348. 
Williams, J. D. H. (1969). Apatite transformations during soil development. Agrochimica 13, 491-
501. 
Williams, J. D. H., and Walker, T. W. (1969). Fractionation of phosphate in a maturity sequence of 
New Zealand basaltic soil profiles: 2. Soil Science 107, 213-219. 
Williams, M., Dunkerly, D., De Dekker, P., Kershaw, P., and Chapell, J. (1998). "Quaternary 
Environments." Arnold. 
Williams, P.W. (1996). A 230 ka record of glacial and interglacial events from Aurora Cave, 
Fiordland, New Zealand. New Zealand Journal of Geology and Geophysics 39, 225–241. 
Wilmshurst, J. M., McGlone, M. S., Leathwick, J. R., and Newnham, R. M. (2007). A pre-
deforestation pollen-climate calibration model for New Zealand and quantitative 
temperature reconstructions for the past 18 000 years BP. Journal of Quaternary Science 
22, 535-547. 
Wilson, A. D. (1973). Surfaces, soils and loess deposits of North Otago. In "9th INQUA Congress, 
Guidebook for Excursion 7 - Central & Southern Canterbury." pp. 59-72. 
Wilson, C. J. N. (2001). The 26.5 ka Oruanui eruption, New Zealand: an introduction and 
overview. Journal of Volcanology and Geothermal Research 112, 133-174. 
Wilson, C. J. N., Switsur, V. R., and Ward, A. P. (1988). A new 14C age for the Oruanui (Wairakei) 
eruption, New Zealand. Geological Magazine 125, 297-300. 
Wintle, A. G. (1990). A review of current research on TL dating of loess. Quaternary Science 
Reviews 9, 385-397. 
Wintle, A. G. (1993). Luminescence dating of aeolian sands: an overview. In "The Dynamics and 
Environmental Context of Aeolian Sedimentary Systems." (K. Pye, Ed.), pp. 49-58. 
Geological Society of London Special Publication, No. 72, London. 
Woodward, C. A., and Shulmeister, J. (2006). Chironomid-based reconstructions of summer air 
temperature from lake deposits in Lyndon Stream, New Zealand spanning the MIS 3/2 
transition. Quaternary Science Reviews 26, 142-154. 
Xiubin, H., Tang, K., and Zhang, X. (2004). Soil erosion dynamics on the Chinese loess Plateau in 
the last 10,000 years. Mountain Research and Development 24, 342-347. 
Yoo, K., Amundson, R., Heimsath, A. M., and Dietrich, W. E. (2005). Process-based model linking 
pocket gopher (Thomomys bottae) activity to sediment transport and soil thickness. 
Geology 33, 917-920. 
Young, D. J. (1964). Stratigraphy and petrography of north-east Otago loess. New Zealand Journal 
of Geology and Geophysics 7, 839-863. 
 209 
Young, D. J. (1967). Loess deposits of the West Coast of the South Island, New Zealand. New 
Zealand Journal of Geology and Geophysics 10, 647-658. 
Zachos, J. C., Flower, B. P., and Paul, H. A. (1997). Orbitally paced climate oscillations across the 
Oligocene/Miocene boundary. Nature 388, 567-570. 
Zachos, J. C., Pagani, M., Sloan, L., Thomas, E., and Billups, K. (2001). Trends, rhythms, and 
aberrations in global climate 65 Ma to present. Science 292, 686-693. 
Zárate, M. A. (2003). Loess of southern South America. Quaternary Science Reviews 22, 1987-
2006. 
Zeverbergen, L. W., and Thorne, C. R. (1987). Quantitative analysis of land surface topography. 
Earth Surface Processes and Landforms 12, 47-56. 
Zhang, L., Xuerong, D., and Zhentao, S. (1991). The sources of loess material and the formation of 
the Loess Plateau in China. Catena Supplement 20, 1-14. 
Zhang, P., Molnar, P., and Downs, W. R. (2001). Increased sedimentation rates and grain sizes 2-4 
Myr ago due to the influence of climate change on erosion rates. Nature 410, 891-897. 
 
 210 
Acknowledgements 
 
 
I would like to acknowledge Lincoln University for awarding me a Lincoln University 
Doctoral Scholarship. This research was supported in part by National Science Foundation 
grant NSF EAR-0309975. I would like to thank the Acton-Adams, Mueli and other 
farming families of Charwell Basin for access to their properties, and generous hospitality, 
in the course of my research. 
 
My profound thanks must go to my primary academic supervisor, Peter Almond. I am 
grateful to have served my scientific apprenticeship under his rigorous but supportive 
guidance. The skills I have developed under his expert tutelage will prove invaluable 
throughout my professional life. Many thanks also to my other academic advisor, Josh 
Roering. Although throughout most of my Ph.D. Josh has been on the other side of the 
planet, he has been a significant intellectual force behind much of what I have done. It was 
a pleasure and a privilege to work with and befriend Peter and Josh, and I will always 
treasure the experience of having shared the company of such intelligent and good-
humoured men. To win praise from them means more to me than I can fully express here. 
 
I must pay tribute to Phil Tonkin, a grand gentleman of New Zealand pedology, a man of 
irrepressibly cheeky humour, wise words, and a font of knowledge. I greatly appreciate 
him sharing insights into Earth science with me, and his kind words of support and 
encouragement when I needed them. Thank you too to Kuan Goh, for although his side of 
the project had to be aborted in its early stages due to logistical and time constraints, 
discussions with him on soil organic matter have helped put in place what I know will be a 
life-long passion for the precious dark skin of the Earth. 
 
Many thanks to Leanne Hassall for time-consuming and meticulous laboratory work, and 
for training me in some of the fundamentals of pedological analyses. She has also proved 
to be wonderful and engaging company and I always looked forward to our conversations. 
Roger Cresswell and Jason Breitmeyer have also been extremely helpful in the course of 
my laboratory work. My thanks also extend to Leo Condron for valuable advice on 
phosphorus analyses. Many thanks also to former Soil and Physical Sciences Group leader 
John Adams for unstinting support and advocacy, and to his successor Rob Sherlock for 
the same. Administrative assistant Amanda Clifford has been endlessly helpful.  
 
 211 
I gratefully acknowledge the guidance of John Carter from Victoria University of 
Wellington in phytolith analyses. I also realise that, especially after a couple of long 
evenings with him in Cairns, Australia fuelled by beer and a love of analysing the human 
condition, in many ways we are kindred spirits. My thanks also to Uwe Rieser at Vic for 
luminescence analyses, John Patterson for training me in the use of the electron 
microprobe, and Margaret Harper for assistance in identifying my diatoms. I would also 
like to thank Janet Wilmshurst and Matt McGlone at Manaaki Whenua-Landcare Research 
at Lincoln for assistance with plotting my phytolith data, and Jamie Shulmeister at the 
University of Canterbury for information on glacial advances. Many thanks to Phil Shane 
at the University of Auckland for assistance with tephra identification and one extremely 
helpful conversation. Brent Alloway at GNS was also very helpful. My interest in 
Quaternary science was sparked in 1997 during a course run by Brent at the University of 
Auckland, and it has been a pleasure to get to know him and stay in touch through the 
years. 
 
I have made deep and lasting friendships through the course of the last few years because I 
chose to study at Lincoln and do the project I did. I already knew Clinton Rissmann, but it 
has been an ever-increasing pleasure to share his friendship. The same goes for Matt 
Buchan. More recently, I have befriended Henrik Rother and Craig Woodward. It has been 
a pleasure. Thanks to all my fellow students for interesting conversations and company 
throughout the years. Profound thanks to Fiona Shanhun for assistance in the field and 
wonderful company in general. Thank you to my office-mate Sam Carrick for putting up 
with my occasionally manic behaviour and deranged monologues. I couldn’t have asked 
for better company. 
 
I want to especially acknowledge Roger McLenaghen of the Soil and Physical Sciences 
Group, who is also Deputy Chief of the Lincoln Volunteer Fire Brigade. Roger, when 
learning of my intention to stay at Lincoln after completing my Masters degree to pursue a 
Ph.D., invited me to join the brigade. I had never imagined myself being a fire fighter, and 
I now know what an honour and privilege that invitation was. It has changed my life, kept 
me sane in the more trying moments of my Ph.D., and connected me to the local 
community in ways that otherwise would have been impossible. 
 
Lastly, and most significantly, my family: Sue, Ian and Rebecca. In many ways this would 
have been impossible without your support. You’ve been there for me through everything, 
and I will never be able to thank you enough. 
